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TH 1-type cytokines 
(IL-2 and IFNy) 
STAT-J "'-: STAT-1 /T-bet pathway is activated by IL-
27. Mice deficienl for STAT-1 can nol induce IFN-y by 
this palhway. 
IL-12p35_1_: Mice deficient for IL-12p35 are deficient 
for the IL- 12 cytokine and are thus unable to produce 
IFN-y by the ST AT-4/T-bet pathway. 
T-beë-: Mice deficient for T-bet are unable to produce 
IFN-y by T-bet pathway. 
IFN-yR"'-: the receptor of IFN-y is present at the surface 
of infected cells and is involved in the induction of 
effeclor mechanisms and activation of monocytes. Mice 
deficient for IFN-yR are soin the impossibility to induce 
effector mechanisms to fight Bruce/la. 
IL-17RA ./-: IL-17RA-deficient mice are deficienl for 
the receptor of I L-17, the cytokine released by a TH 17 
immune response. IL- l 7RA-deficient mice have thus a 
fai lure in the TH 17 response. 
CCR2"'-: Mice deficient for this receptor attract 
monocytes at the place of infection with a delay time. 
















co3·1·: CD3-deficient mice are devoid of ail T 
lymphocytes (T cells) . 
aflTCR_,_ and y6TCR-/-: ln 95 % of cases, the TCR is 
composed of a!p chains. These cells possess two co-
receptors: CD4 and CDS. The apTCR-deficient mice are 
so deficient for CDS+ and CD4+ T cells. In 5 % of the 
cases, the TCR is composed of y/f, chains. yfJTCR-
deficient mice are thus devoid of this peculiar type of T 
cells. 
MHCir'· (■CD4-1"): Mice deprived of CD4+ T ce lis are 
obtained by using MHCII-deficient mice unable to 
present peptides and to select CD4+ T cells 
differentiation in the thymus . 
T AP-l -1- (■CD8"1"): Mice deprived of CDS+ T cells are 
obtained by using TAP 1-deficient mice unable to load 
peptides in the MHCI of the antigen-presenting cells 
(APC) and to select CDS+ T cells differentiation in the 
thymus. 
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Résumé 
Brucellae spp. (a-proteobactéries) sont des bactéries Gram-négatives intracellulaires qui 
causent la brucellose, une zoonose à échelle mondiale. Chez les animaux, la maladie est 
caractérisée par l ' avortement chez les femelles et l'infertilité chez les mâles. L'humain est un 
hôte accidentel pouvant être infecté de manière chronique. Dans ce mémoire, nous étudions la 
souche Brucella melitensis 16M qui infecte les chèvres et les moutons. Nous étudions la réponse 
immunitaire chez la souris après une infection intra-dermique (ID). Ce modèle expérimental 
imite l'infection naturelle de Brucella par contact direct entre une lésion cutanée et des tissus 
ou liquides infectés, cas ayant été rapportés chez les fermiers, vétérinaires ou bouchers. 
Les principaux objectifs de ce mémoire sont (i) la caractérisation de la cinétique de l'infection 
ID par B. melitensis dans des souris C57BL/6 sauvages, (ii) la caractérisation phénotipique des 
cellules infectées dans la peau et le ganglion drainant, (iii) l'identification de la sous-classe "T 
helper" contrôlant l'infection intra-dermique et (iv) l'identification des cellules lymphoïdes 
impliquées dans le contrôle de l'infection ID primaire et secondaire. 
Nos résultats suggèrent qu'après infection en ID, B. melitensis se multiplie activement dans la 
peau et dissémine dans le ganglion lymphatique drainant et dans la rate pour atteindre le pic de 
charge bactérienne après 3 jours d' infection. Après 50 jours, B melitensis est presque 
entièrement éliminée de la peau et du ganglion, mais persiste dans la rate, suggérant que le 
système immunitaire est capable de contrôler efficacement sa croissance dans la peau. Dans la 
lésion, quelques cellules infectées sont positives pour les marqueurs MHCII, CDl lc et Ly-6G, 
suggérant que les cellules infectées aux temps précoces de l ' infection ne sont ni des monocytes 
activés, ni des cellules dendritiques, ni des neutrophiles. En utilisant une batterie de souris 
rendues génétiquement déficientes pour des éléments clés du système immunitaire, nous 
observons que la réponse THl médiée par l'IFN-y est indispensable pour contrôler l ' infection 
dans la peau. Lors de l' infection primaire, les lymphocytes CD4+ semblent être les principales 
cellules contrôlant l ' infection. Cependant, nous démontrons que l'absence de lymphocytes 
a~TCR+ peut être compensée par les lymphocytes y8TCR+ après une infection secondaire. En 
plus, un rôle important des cellules B a été observé pour contrôler l' infection secondaire, mais 
pas la primaire. 
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Abstract 
Brucellae spp. (a-proteobacteria) are Gram-negative intracellular bacteria that cause 
brucellosis, a worldwide zoonosis. In animals, the disease is characterized by abortion in 
females and infertility in males. Human is an accidental host who can be chronically infected. 
In this master thesis, we study the Brucella melitensis 16M strain, that infects goat and sheep. 
We investigate the immune response of rnice fo llowing intra-dermal (ID) infection. This 
experimental model rnimics the natural Bruce fla infection by direct contact between skin lesion 
and infected tissue or fluid, which has been reported in farmers, vets or butchers. 
The main objectives of this master thesis are (i) the characterization of the course of the intra-
dermal (ID) B. melitensis infection in wild type C57BL/6 rnice, (ii) the phenotypic 
characterization of infected cells in the skin and draining lymph node, (iii) the identification of 
the T helper subclasses of immune response controlling the intra-dermal infection and (iv) the 
identification of lymphoid cells involved in the control of primary and secondary ID infections. 
Our results showed that following ID infection, B. melitensis actively multiplies in skin lesion 
and disserninate in draining lymph node ( dLN) and spleen to reach a peak: of bacterial load at 3 
days post-infection. At 50 days, B. melitensis is almost completely eliminated from skin lesion 
and dLN but persists in spleen, suggesting that the immune system is able to efficiently control 
its growth in skin tissues. In the lesion, only a few fraction of infected cells appears to be positive 
for MHCII, CDll c and Ly-6G markers, suggesting that infected cells at early times post-
infection are neither activated monocytes, nor dendritic cells, nor neutrophils, respectively. 
Using a battery ofmice genetically deficient for key elements of immune system, we observed 
that the IFN-y-mediated T helper (TH)l response is indispensable to control skin infection. 
During a primary infection, CD4+ T lymphocytes seem be the main cells controlling the 
infection. However, we demonstrate that the absence of a ~TCR+ lymphocytes can be 
compensated by yoTCR+ lymphocytes after a secondary infection. In addition, an important role 
ofB cells has been observed to control the bacteria during secondary, but not primary, infection. 
Master Thesis 120 in molecular and cellular biochemistry and biology 
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r « Il ne faut pas penser à l'objectif à 
atteindre, il faut seulement penser à 
avancer. C'est ainsi, à force d'avancer, 
qu'on atteint ou qu'on dépasse ses 





Species Host preference 
Brucella abortus Cattle 
Brucella canis Dog 
Brucella ceti Marine mammals (Cetacea) 
Brucella inopinata Isolated from a breast implant infection 1 
Bruce/la melitensis Sheep, goat 
Brucella microti Common vole 
Brucella neotomae Desert woodrat 
Brucella ovis Sheep 
Brucella pinnipedialis Seal 
Brucella papionis Baboon 
Table 1: Different species of Brucella genus and their specific hosts 
Table of the different strains of Brucellae associated with the specific host. The most virulent 
strains for humans are: B. melitensis, B. abortus, B. canis and B. suis (V. L. Atluri et al. , 2011). 
B. : Bruce/la. 
1 Scholz et al., 2010 
Introduction 
INTRODUCTION 
1 Biological interactions 
Symbiosis (from Greek ouv "together" and Piromç "living") is a close and often a long-term 
interaction between two organisms and exists since the apparition of life on Earth. These 
relationships between partners are based on inter-interactions. Examples of symbiosis are 
present everywhere: the barnacles attached to the whales to move long distances, the peak beef 
heron finding its food by removing the parasites from large mammals or a flower synthesizing 
a pheromone of a female insect to attract the male and to allow pollen dispersal. 
A symbiotic relation between organisms can be beneficial for both partners (mutualism), 
beneficial for one partner without detriment for the second one ( commensalism), or this relation 
can be beneficial for one partner and harmful for the second one (parasitism). Partners that 
cause damage are called pathogens. Most of the time, the interest of the pathogen is to keep in 
life its host to have a durable relation to continue to survive and to proliferate. Killing the host 
would have no advantage for the pathogen in this case. To successfully adapt to the environment 
of the host, the pathogen, which is often a microorganism (virus, bacterium, protozoan), must 
escape to the host' s immune system and mechanisms established to fight it. This kind of 
interaction is very dynamic and is in constant evolution. 
In this master thesis, the studied pathogen is the bacterium Brucella melitensis, that can cause 
a chronic infection in mammals, including humans. We focus on the immune system of mice 
during an intra-dermal infection by Brucella melitensis. 
2 The Brucella genus 
2.1 Discovery of Brucella 
In 1884, the military physician David Bruce is sent to the island of Malta. There, a mysterious 
disease causes temperature waves and the death of soldiers. In 1887, D. Bruce realizes autopsies 
on spleens, livers and kidneys of dead soldiers having suffered ofundulant fevers. An organism 
of about 3 micrometers and with a Gram-negative staining is discovered and is called 
Micrococcus melitensis (Tan S Y et al. , 2011). 
Now, the causative agent has been renamed Brucella melitensis and is well described: Brucella 
spp. is a Gram-negative non-motile coccobacillus bacterium belonging to the a-proteobacteria 
class. This bacterium is intracellular and facultatively extracellular (E. Moreno and I. Moriyon, 
2006). Brucella is the agent ofbrucellosis, a worldwide zoonosis (G. Pappas et al. , 2006). This 
disease is also called Mediterranean fever, Malta fever or undulant fever due to temperatures 
waves undergone by infected people (Tan S Y et al. , 2011). From that moment, other species 
of Brucella have been discovered. 
2.2 Strains and specific hosts 
Severa! species belong to the Brucella genus (table 1). Among the known species, there areB. 
abortus, B. melitensis, B. suis, B. avis, B. canis. In the early 2000s, B. ceti and B. pinnipedialis 
have been described, followed by B. inopinata (Scholz et al., 2010) and B. microti. More 
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Figure 1: Worldwide incidence of human brucellosis in 2006 
Brucellosis is widespread throughout the world, and more than 500,000 new cases are reported 
each year (Pappas et al., 2006). The real number of cases of brucellosis is higher but they are not 





Figure 2: Different transmission paths of Brucellae 
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The transmission of Brucellae between animals can occur through aerosols during abortion, 
shedding in milk or reproduction. Humans can be infected through ingestion of unpasteurized dairy 
products or aerosols. The human-human transmission is rarely described and is insignificant (in 
terms of mode of infection) (Alturi et al., 20 11). 
lntroducuon 
recently, new species have been discovered: the first isolated from amphibians and the second 
from primates, B. papionis (T. Eisenberg et al., 2012; A. Whatmore et al., 2014). Each species 
has its own specific host. For example, B. abortus is specific to the cattle, B. avis has the sheep 
as specific host and B. ceti is able to infect marine mammals such as dolphin (D. R. Ewalt et 
al. , 1994). Sorne of these species are sometimes found in humans such as B. abortus, B. 
melitensis, B. suis biovar 1 and B. canis (V. L. Atluri et al., 2011 ; E. M. Galinska and J. Zagorki, 
2013). In these cases, human is considered as an accidenta! host. The most virulent strain for 
human seems to be B. melitensis (which has as specific hosts goat andsheep). 
2.3 Pathology of brucellosis 
Brucellosis is a frequent cause of disease in domesticated animals but also in humans. It is not 
an emerging disease. Indeed, an examination of skeletons of humans dead in 79 AD during the 
Mount Vesuvius eruption has revealed typical bones lesions of brucellosis in more than 1 7 % 
of cases (L. Capasso et al. , 2002). More recently, the analysis of Australopithecus africanus 
skeleton has revealed that the lesions seemed to be the same than the one of a person infected 
by Brucella. This discovery could place the origin of brucellosis to about 2.5 millions years ago 
(D ' anastio et al. , 2009). However, the first real clues of brucellosis date of Middle Ages with 
the screening and DNA sequencing that reveal the Brucella DNA on skeletal from theAncient 
Albanian city (Mutolo et al., 2012). 
2.3 .1 Epidemiology 
Because brucellosis is a zoonosis, the incidence of human brucellosis is linked with the 
frequency of the disease in animals, its natural reservoir. The incidence of human brucellosis 
remains very high in areas where brucellosis is endemic in domestic animals (figure 1), i.e., 
Africa, Asia, Latin America and Kuwait with an average of 500,000 new reported cases each 
year. In Europe, northem countries have eradicated brucellosis and have a brucellosis-free 
status. However, several countries from the south of Europe still possess an endemic brucellosis 
status such as Greece, Spain or Portugal (S. J. Cutler et al., 2005 ; G. Pappas et al., 2006; P. de 
Figueiredo et al., 2015). 
2.3 .2 Pathology and transmission 
In the specific host, Brucella has a tropism for the reproductive tract that results in abortion in 
pregnant females and infertility in males (A. V. Carvalho Neta et al. , 2010; V. L. Atluri et al., 
2011). Consequently, the disease causes major economic damage for livestock producers. For 
example, the production loss of milk and meat induces annual economical shortfall of 600 
million of dollars by year in Latin America (M. N. Seleem et al., 2010). The horizontal 
transmission of bacteria occurs through aerosols ( during the abortion), via genital contact during 
mating or via shedding in milk (figure 2). 
As depicted above, human is an accidenta! host of Brucella. The infection is frequently 
transmitted from animals to human through ingestion of unpasteurized dairy products, 
inhalation during animal abortion or contact of conjunctiva or skin lesions with infected 
amniotic fluids or placenta (figure 2) (V. L. Atluri et al. , 2011; E. M. Galinska and J. Zagorki, 
2013). Transmission between humans by tissue transplantation or sexual contact has 
occasionally been reported but is more anecdotic (B. G. Mantur et al. , 1996). 
In humans, the infection results in undulant fevers in the acute phase whereas the chronic phase 
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Innate system Adaptive system 
Cellular immunity - Granulocytes (neutrophils, - Lymphocytes (Band T) 
eosinophils, basophils) 
- Monocytes (which will 
give macrophages and 
dendritic cells) 
- Cytotoxic cells (Natural 
Killers) 
Humoral immunity - Complement -Immunoglobulins 
( antibodies) 
Table 2: Interaction of immune system and the components ofimmunity 
Immune system is composed of the innate and the adaptive responses. These responses are possible 
via different partners, soluble and cellular, that internet together. The main cellular partners in the 
innate immunity are the granulocytes, the monocytes and the cytotoxic cells. In the adaptive 
response, the cellular components are the lymphocytes. Concerning the humoral immunity, the 
complement cascade constitutes the main humoral mechanism in the innate immunity, and the 





























Differentiation of hematopoietic stem cells to give the progenitors of myeloid cells and lymphoid 
cells. Lymphoid progenitors are divided in Band T cells, and these latter cells are subdivided into 
CD8+, CD4+, regT, NKT and NK cells. Myeloid progenitors are divided into dendritic cells (DCs), 
macrophages, granulocytes, erythrocytes and osteoclasts (Adapted from V. Bottera et al. , 2006). 
CD: cluster of differentiation, regT: T regulatory, NKT: Natural Killer T, NK: NaturalKiller. 
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is characterized by tiredness, muscular pain (P. de Figueiredo et al. , 2015), but also serious 
clinical manifestations such as orchitis, osteoarthritis, spondylitis, neurological disorders, etc. 
(M. Doganay and B Aygen, 2003). Cutaneous manifestations (rashes, papules, ulcers, abscess, 
erythema nodosum, ecchymosis, vasculitis or purpura) of brucellosis appear in approximately 
8 % ofreported cases (J. Ariza et al. , 1989; C. Akcali et al., 2007; Z. Karaali et al. , 2011). 
2.3.3 Diagnosis and treatments 
Currently, the methods of brucellosis detection are mainly serodiagnosis. These tests are based 
on the detection of antibodies anti-Brucella such as an anti-LPS. But one major problem with 
this diagnosis is the impossibility to differentiate an infected animal from a vaccinated one. 
Another problem is the antigenic similarity between the LPS O chain of Brucella and other 
organisms such as Yersinia enterocolitica 09, a Gram-negative enterobacterium (Kittelberger 
et al. , 1995 ; S. J. Cutler et al., 2005 ; E. Moreno and I. Moriyo,2006). 
The treatments to eliminate Brucella from an organism are usually a combination of antibiotics 
(Doxycycline - Rifampicin). The "World Health Organization" (WHO) recommends the 
following treatment: 600 mg of Rifampicin and 200 mg of Doxycycline a day during 6 weeks. 
However, this treatment is expensive and there are frequent relapses in patients. The limited 
number of effective antibiotics and the potential risk of resistance explain the research of 
alternative solutions (T. A. Ficht et al. , 2009). Unfortunately, a protective and safe human 
vaccine is still lacking although considerable progress has been achieved. The effective 
vaccines in animais (based on a live attenuated strain of Brucella) are still virulent in humans 
(M. Corbel, 1995; S. J. Cutler et al., 2005; T. A. Ficht et al. , 2009). For now, two live attenuated 
vaccines have been efficiently used for animais: S19 (B. abortus) and Rev l (B. melitensis) (E. 
Moreno and I. Moriyo, 2006). 
3 The immune system 
The immune system is the main defence mechanism of organisms. It is involved in the detection 
of foreign bodies, the response against pathogens, the adaptation to a future infection and the 
distinction between elements of self and non-self (K. Schultz et al. , 1987). 
In vertebrates, the immune system is divided in two distinct responses, the innate and the 
adaptive responses, and is composed of a network of interaction between humoral (soluble) and 
cellular partners (table 2) . The cellular immunity involves the activation of phagocytic cells, 
specific T cells and the release of different cytokines. The humoral immunity is mediated by 
secreted antibodies by activated B cells. 
The cells of immunity are derived from bone marrow, containing the pluripotent hematopoietic 
stem cells. The division of the precursors gives the myeloid cells (innate response) and the 
lymphoid cells (adaptive response) (figure 3). The lymphoid progenitors give the B 
lymphocytes, that will become plasma cells once activated, and the T cells, subdivided in cluster 
of differentiation (CD)8 T, CD4 T, T regulatory (regT), Natural Killer T (NKT) and Natural 
Killer (NK) cells. All these cells will be detailed later. In the myeloid lineage, cells are notably 
divided in macrophages derived from monocytes, dendritic cells (DCs), erythrocytes and 
granulocytes (neutrophils, basophils and eosinophils) 0f. Bottero et al. , 2006). 
The efficiency of the immune system is based on the interaction between innate and adaptive 













A draining lymph node possesses two afferent lymphatic vessels and one efferent. The role of this 
structure is to drain the lymph circulating in tissue. It is composed of a cortex, a paracortex and a 
medulla zones. The follicles in the cortex are the zone of B cells. The zone of T cells is around, in 
the paracortex (adapted from F. Batista et al., 2009). 
BOX 1: PRRs 
The detection of pathogens is possible through specific receptors called the Pattern 
Recognition Receptors (PRRs). These receptors are classified in 3 families : the secreted, 
cytosolic or transmembrane PRRs. 
The secreted PRRs ( collectines, ficolines and pentraxines) bind the surface of 
pathogens, activate the complement and induce their phagocytosis by macrophages and 
neutrophils. 
The cytosolic PRRs include the RLRs (RIGl-like receptors) that recognize viruses, and 
the NLRs (NOD-like receptors) that detect pathogen and signais from stress conditions. 
The transmembrane PRRs include the TLRs (Toll-like receptors) that detect a large 
number of P AMPs on the plasmic membrane or in the endosomes, and the CLRs ( C-
type lectin receptors) that detect the fungal components. 
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express Pattern of Recognition Receptors (PRRs) to detect molecular structures specific to 
micro-organisms (Pathogen Associated Molecular Patterns ; PAMPs), the adaptive system uses 
specific receptors expressed by Band T lymphocytes (BIT Cell Receptors ; B/TCRs). However, 
the limit between bath systems is more and more vague. For example, lymphocytes express also 
PRRs and thus can be activated undependably of the T /BCRs. 
3.1 Lymphoid organs 
The production of immune cells and the encounter between innate immune cells and adaptive 
immune cells take place in specialized organs, the so-called lymphoid organs. These organs are 
divided in primary and secondary lymphoid organs. The first are the bone marrow and the 
thymus. Bane marrow is the place of production of myeloid and lymphoid cells as already said, 
but also the place of the maturation of B cells while the thymus ensures the maturation of T 
cells (C. Janeway et al. , 2001). 
The secondary lymphoid organs are the lymph nodes and the spleen. The role of lymph nodes 
is to drain the lymph, the biological liquid circulating in the lymphatic vessels. The lymph node 
possesses two afferent lymphatic vessels and one efferent. The B cells are in follicles in periphery 
in the cortex and the T cells are around the B cells follicles in the paracortex. In this zone are 
present the HEV s (high endothelial venules) (figure 4). The spleen is composed of white and 
red pulps. A first role of the spleen is the regulation of erythrocytes formation and destruction 
in the red pulp. But in this case, it is the white pulp that plays arole in the immunity. Indeed, the 
white pulp possesses also a T zone and B follicles (Batista et al.,2009). 
In a context of infection, the lymph containing the infected cells arrives in the lymph node by 
the afferent lymphatic vessels. The innate infected cells meet the T cells near the HEV s. This 
process allows the activation of T cells to induce the adaptive immune response (F. Batista et 
al. , 2009). The process of this activation will be detailed later. Once activated, T cells will exit 
by the efferent lymphatic vessel and will rejoin the blood to migrate to the site ofinfection. 
3.2 Innate immune system 
The innate immunity is active at early times post-infection (p.i.) because these components are 
immediately ready to fight pathogens. It is however a non-specific response and the repertory 
of PRRs is limited and invariant. In addition to the first physical and chemical barriers (e.g. 
skin, gastric pH, etc.), the innate immune system acts by different ways such as: the detection 
of pathogens, the recruitment of cells at the site of infection, the activation of complement 
cascade, the activation and orientation of a specific adaptive immune response, etc .. 
The innate immune response is mediated by bath cellular and humoral components, interacting 
together. The complement belongs to the humoral immunity. Among the cellular effectors are 
found the granulocytes (neutrophils, eosinophils, basophiles), the monocytes (which will give 
after differentiation the macrophages and the DCs) and the cytotoxic cells (Natural Killers) (J. 
Ko and G. Splitter, 2003 ; A. V. Carvalho Neta et al. , 2010, Moser and Leo, 2010). 
3.2.1 The skin and mucosa: first barriers 
The skin and mucosa are natural barriers protecting an organism from injuries such as pathogen 
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TLR6 Diacyl of lipoprotein 
TLR7/8 ssRNA 
--
1 TLR9 i Unmethylated CpG motifs _____ _ 
Table 3: TLRs of the innate immunity and their PAMPS 
Each TLR (Tool Like Receptor) recognizes some P AMPs. PAMPs are the Pathogen-Associated 
Molecular Patterns present in bacteria and TLRs are present in the host cells. The recognition of 
P AMPs by TLRs informs the host, particularly the immune system, that a pathogen is present and 
what is the nature of the pathogen. 
TLR: Tool Like Receptor, PAMPs: Pathogen-Associated MolecularPatterns. 
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Figure 5: Phagocytosis process 
Once the pathogen is at the surface of macrophage, pseudopodia surround the pathogen. Next, the 
pathogen is internalized into the cell. A vacuole-containing pathogen forms and fuses with 
lysosomes. Lysosomal enzymes degrade pathogen and finally, the de bris of pathogen are released 
by exocytosis. 
1 ntroduction 
Due to their exposure to the external environment, mucosal tissues have developed mechanisms 
of defence. The mucosa act as barriers between the environment and the host. The mucosal 
epithelial cells secrete many defensive compounds such as mucins, antibodies, defensins, etc .. 
These compounds have an antimicrobial activity. The first barrier that pathogens encounter is 
the mucus, producing by the go blet cells. The mucus is composed of mucin glycoproteins, that 
are responsible of the viscous properties of the mucus. Mucus plays thus an important role in 
the protection against pathogens through the physical barrier, the secretion of antirnicrobial 
molecules and by preventing the adhesion of pathogens on epithelial cells (SK. Linden et al. , 
2008). 
3 .2.2 Detection of bacterial pathogens 
As already said, bacteria possess highly conserved molecules called Pathogen-Associated 
Molecular Patterns (PAMPs). Among PAMPs, there are lipopolysaccharides, lipoproteins, 
flagellin, peptidoglycan, simple strand DNA, etc .. These P AMPs are recognized by the innate 
immune system via the Pattern Recognition Receptors (PRRs ), a repertoire of receptors. The 
PRRs are conventionally classified in 3 families: the secreted, the cytosolic and the 
transmembrane PRRs. For more information about the different types of PRRs, consult the 
BOX 1 (O. Takeuchi and 
S. Akira, 2010). Amongthe transmembrane PRRs, there are the Toll Like Receptors (TLRs) that 
are usually expressed by cells playing a role in the antigens presentation (macrophages and 
dendritic cells (DCs)), but also by adaptive immune cells (lymphocytes) and by other cells 
present in tissues such as keratinocytes (L. Miller and R. Modlin, 2007) or fibroblasts (O. 
Takeuchi and S. Akira, 2010). Ten different TLRs are described in human and thirteen in 
mouse. Each TLR can recognize some P AMPs (table 3) (S. Akira et al. , 2006). 
Pathogens can also induce the release of cryptic or stress molecules called Damage-Associated 
Molecular Patterns (DAMPs), such as ATP and heat shock proteins. These DAMPs are also 
recognized by PRRs. 
The detection of these different molecular patterns activates the defensive mechanisms. In the 
case of an infection by Brucella, the TLRs 2, 4 and 9 recognize respectively the lipoproteins, 
lipopolysaccharide and DNA of bacteria (R. Copin et al. , 2007). 
3.2.3 Innate immune defence mechanisms 
Four major effector mechanisms can be involved in the innate immune response against a 
pathogen: 
The phagocytosis (figure 5) is a mechanism of pathogens internalization. The main phagocytic 
cells are the macrophages, neutrophils and dendritic cells (cellular immunity). The mechanism 
is divided in 3 stages: (i) the recognition and the adhesion of pathogen to phagocytic cells, (ii) 
the internalization of pathogens via endocytosis. The membrane of phagocytic cells deforms and 
pseudopodia appear to form a vesicle around the pathogen and (iii) the maturation, the 
acidification and the fusion of vesicle with lysosomes allow to eliminate the pathogen (D. 
Underhill and H. Goodridge, 2012). 
The complement belongs to the humoral immunity. It is a system of plasma proteins naturally 
present in the blood. It exists 3 distinct pathways that lead to the same goals: (i) the recruitment 
of inflammatory cells, (ii) the opsonization of pathogens (cooperation with the phagocytosis) 
and (iii) killing of pathogen ( direct destruction). In the case of Brucella infection, the classical 
pathway seems be the dominant one (J. Ko and G. Splitter, 2003). The classical pathway is 
activated through the cooperation of the adaptive immunity. Indeed, the first stage of the 
complement is the recognition and the fixation of antibody at the surface of pathogen. The C 1 
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BOX 2: Classical pathway of thecomplement 
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Figure 2-22 lmmunobiology, 6/e. (C Garland Science 2005) 
- C3b binds both C4b2b and C3b forming the active CS convertases 
- CS binds to the C3b component of the CS convertaseenzyme 




plasma protein can bind the constant part of this antibody. From this stage, the different plasma 
proteins (C2 to C9) bind together to finally forma membrane-attack complex pore at the surface 
of the pathogen. See the BOX 2 for more details about the classical complement pathway. Sorne 
of complement cleavage products2 allow the increase of the permeability of the blood vessels. 
In addition, the complement allows to induce a chemotaxis3 via the different plasma proteins, 
that allows the recruitment and the penetration of immune cells into the pathogen (by the pore 
formed) to destruct it. Finally, the opsonization process4 is increased. It is mediated by 
opsonines, molecules marking a target cell to induce its phagocytose by macrophages (C. 
Janeway et al., 2001). 
The cytotoxicity is mediated by cytotoxic cells such as NK. These cells belong to the innate 
immunity and derive from lymphoid progenitor cells. NK cells recognize infected cells and use 
a combination of mechanisms to lyse them among which the release of cytotoxic molecules such 
as perforin which polymerizes to form a pore in target membrane, and granzymes which are 
serine proteases that use this pore to reach the cytoplasm of target cell to induce the apoptosis 
of infected cell (Iannello et al., 2008). 
Finally, the inflammation is a response of tissues to injuries. Injuries can be induced by P AMPs 
detection or by the tissue destruction and production of DAMPs. Indeed, damaged tissues and 
resident immune cells secrete chemokines5 that recruit effector cells (such as phagocytic cells) 
from the blood vessels to the infected site. 
The effectors of the innate immunity and their main functions are described in the table 4. Here, 
only the macrophages and DCs will be detailed. 
The macrophages are present in all tissues of an organism. lt is derived from blood monocytes. 
The main role of these cells is the detection of pathogens via the PRRs and their phagocytosis 
as described above. In macrophages, the bactericidal functions are reactive oxygen intermediate 
(ROI) and reactive nitrogen intermediate (RNI), induced by garnma-interferon (IFN-y) and 
alpha-tumor necrosis factor (TNF-a). Inducible Nitric Oxide Synthase (iNOS) catalyses the 
production of Nitric oxide (NO) from L-arginin and NAD PH. NO is able to diffuse through 
lipidic membranes and acts in the cytoplasm to inhibit enzymes and damage the DNA (Y. 
Kobayashi, 2011). In response to IFN-y, macrophage can express major histocompatibility 
complex (MHC)II and become able to present antigen to T cells, a mechanism that allows the 
activation of adaptive immunity. Finally, these phagocytic cells are also involved in the 
formation of granuloma, the structure that maintains and limits the spreading of pathogens, 
structure that will be detailed later (T.D. Bold and J.D Emst,2009). 
The dendritic cells (DCs) are derived from the myeloid lineage. They are the intermediate cells 
between the innate and the adaptive immunity. Indeed, these cells play an important role in the 
detection of pathogens but also in the initiation of adaptive response due to their role as 
professional antigen presenting cells (APC) (see3.3). 
2 The complement cleavage products are derived from the cleavage of complement proteins via 
convertase during the complement cascade. 
3 Movement induced by a chemical stimulus. 
4 The opsonization process is mediated by opsonines that bind the target cell to phagocytose by 
macrophages or neutrophils. 
5 Chemokines are small cytokines secreted by cells and able to induce chemotaxis. 
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Effectors Main function(s) 
Complement Opsonization, recruitment of 
macrophages/neutrophils and destruction of 
pathogens 
Macrophages Phagocytosis and activation ofbactericidal 
mechanisms (ROS/RNS), antigenic 
presentation 
Dendritic cells Catch of antigens at the site of infection, 
migration to the lymph nodes and antigenic 
presentation 
Neutrophils Phagocytosis, degranulation, neutrophils 
extracellular traps {NETs), activation of 
bactericidal mechanisms 
Eosinophils Destruction of parasites with antibodies at 
the surface and degranulation 
Basophils Releasing of histarnine-containing granules 
Mastocytes Releasing of histamine-containing granules 
and production of IL-4 (TH2) 
Natural Killers Releasing of lytic granules, induction of the 
apoptosis via Fas, destruction of infected 
cells and production of IFN-gamma (TH 1) 
Table 4: The different effectors of the innate immune response with their main functions 
This table represents the main effectors of the innate immune system (Complement, macrophages, 
dendritic cells, neutrophils, eosinophils, basophils, mastocytes and natural killers). Each effector 
possesses one or several function(s) . The main one are present in the table. 
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BOX 3: Different subpopulations of dendritic cells(DCs) 
The pre-DCs can rapidly develop in functional DCs when there is an inflammatory or 
microbial stimulus. Among the DCs are found the monocytes and the plasmacytoid DCs 
(pDCs) producing IFN alpha and beta and are specialized in the anti-viralresponse. 
The conventional DCs ( detailed in the text) 
The inflammatory DCs are absent in safe conditions. They differentiate from monocytes 
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Figure 6: The role of dendritic cells as intermediate between innate and adaptive 
immune responses 
The P AMPs ( and the DAMPs caused by injuries such as the invasion of pathogens) are detected 
by receptors at the surface of dendritic cells. The pathogen is phagocytosed by the cell which 
matures towards the draining lymph node. During its migration, the DC matures and becomes an 
antigen presenting cell. The contact between the MHC of DC and the TCR of naïve T cell occurs 
near the HEV (high endothelial venules). In addition to this process, cytokines are produced and 
co- stimulatory molecules are expressed to orientate the T response (H. Kono and K. Roch,2008). 
Introduction 
Different subpopulations of DCs are distinguishable, depending on their phenotype and their 
tissues location. The DCs can be classified in (i) pre-DCs, (ii) conventional DCs and (iii) 
inflammatory DCs (Shortman and Naik, 2007) (BOX3). 
The conventional DCs are the migratory DCs (for example the Langerhans cells) and the 
resident DCs in lymphoid organs. The first are the sentinels of an organism. They circulate in 
tissues and continually internet with their environment. The detection of a pathogen constitutes 
a signal of maturation that induces their migration towards a lymphoid organ, where they will 
activate naïve T cells. The second one resides in lymphoid organs where they catch and present 
antigens of self or non self. 
3.3 Transition between innate and adaptive immunity:APCs 
The dendritic cells are called the professional antigen presenting cells (APCs) because the DCs 
are present in all tissues and because they can activate T cells by MHCII. 
In absence of infection, a part of DCs present in tissues matures and migrates towards the 
thymus where they present « self» antigens to T cells. T cells interacting with self-peptides 
presented by the MHC will be either destructed or re-programmed by the DCs that will induce 
the replacement of TCR (T cell receptor, see below) alpha chain (L. Klein et al., 2009). Only T 
cells that do not react with these self-peptides-presenting DCs will escape from the thymus and 
become the mature patrolling T cells. It is the selection of T cells. 
When a pathogen is detected via the detection of P AMPs ( and DAMPs) by PRRs, DCs 
phagocyte the pathogen and next migrate from peripheral tissues towards draining lymph nodes. 
In the same time, there is the maturation process of DCs leading to its transformation from 
phagocytic cell to antigen presenting cell. During this process of maturation, DCs notably 
increase the expression of MHC and co-stimulatory signais and decrease the capacity to detect 
other pathogens. Once in the lymph node, DCs finally present the antigens to the T cells via 
MHC (ES. Trombetta, 2003). This meeting between APC and T cells takes place near the high 
endothelial venules (HEV) zone. In addition of the antigenic presentation, intracellular 
signalling cascades triggered by the PRRs induce the expression of co-stimulatory molecules 
and the production of pro-inflammatory mediators (figure6). The variety ofproduced cytokines 
will activate the different subpopulations of T cells 
3.4 Adaptive immune system 
The lymphocytes (Band T) are the main actors of the adaptive response. These cells use specific 
receptors expressed by B and T lymphocytes (B/T Cell Receptors ; B/TCRs). They can 
recognize all structures and have to undergo a selection to avoid recognizing the self. This 
ability is absent in the innate receptors, directly encoded with a limited number in the genome. 
During the adaptive immunity process, the lymphocytes specific to the antigens are selected 
and undergo a clonai amplification. A part of these cells will differentiated to assure the 
establishment of an immunologie memory (figure 7). 
3 .4 .1 The T lymphocytes or T cells 
The TCR (T cell receptor) is a heterodimer and is responsible for recognizing antigens. It is 
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After the infection by a pathogen, the innate response is directly active against this 
pathogen. This response is non-specific and is therefore independent of the pathogenic 
species. After the detection of pathogen antigens, the adaptive response is initiated, 
which is specifically efficient against the pathogen and leads to its elimination. Sorne 
of lymphocytes are able to become memory cells, which will be directly efficient in the 
case of a second infection by this sarne pathogen. 





Figure 8: T cells receptor (TCR) 
The TCR possesses one site of recognition and has only a function of detection. It is composed of 
CD3 molecule and a TCR and Ç/Ç chains. The alpha and beta chains ( or gamma and delta) form the 
TCR and CD3 is composed of ylf, chains, Elô chains. The co- receptor is CD4 or CD8 and has a 
role of stabilization in the interaction. The ITAM (immunoreceptor tyrosine-based activation) will 
allow the signalling after the detection of a pathogen via the presentation of antigenic peptide by 
the MHCI/ll (N. Gascoigne,2008). 
TCR: T cells receptor, CD: cluster of differentiation, ITAM: immunoreceptor tyrosine-based 
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Figure 9: Different subsets of T cells 




The T cells corne from the T cells progenitors. T cells have at the surface a T cells receptor (TCR). 
This TCR is composed of a CD3 molecule and of a TCR molecule composed of alpha/beta chains 
or gamma/delta chains (see figure 8). The T cells with alpha/beta chains, that represent the 
majority of T cells, have two co-receptors at the surface: CD4 and CD8 molecules. Among these 
T cells, after selection, the CD4 T cells (=Helper T cells) or CD8 T cells (=cytotoxic T cells) are 
selected. 
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Figure 10: The activation ofT cells in the lymph node by DCs requires threesignals 
The activation of T cells requires three signals: signal 1: the interaction between the MHC of a DC 
and the TCR of a T cell, signal 2: a co-stimulatory signal (B7 and CD28 for example) and the 
signal 3: cytokines allowing the orientation of the differentiation ofT cells (Adapted from Sun and 
Lanier, 2011). 
Introduction 
r,/o chains (N. Gascoigne, 2008). The ITAM6 (Immunoreceptor Tyrosine-based Activation Motif) 
allows the signal transduction until the nucleus. In 95% of T cells, the TCR is composed of an 
alpha (a) and a beta (~) chains (figure 8), whereas in 5% of T cells this consists of a gamma (y) 
and a delta (o) chains. When the TCR is composed of alpha and beta chains, the activation of 
the T cells requires an antigen processing and the MHC presentation of antigenic peptides on an 
APC. A co-receptor is present at the surface of a~ T cells. It can be the CD4 or the CD8 
glycoprotein. The lymphocytes possessing the CD4 protein at their surface are the helper T cells 
(CD4+ a~TCR+ T cells; specific for MHC class II) and the lymphocytes possessing the CD8 
protein at their surface are the cytotoxic T cells (CD8+ apTCR+ T cells, specific for MHC class I) 
(K. Wucherpfennig et al. , 2010). The figure 9 represents the different subsets of T cells. 
In the thymus, the T cells are selected depending on their self-antigen tolerance as explain before. 
Next, the T cells migrate towards the lymphoid organs where they will be activated and 
differentiated through the contact with the DCs(APC). 
In the lymphoid organs, the activated T cells are able to induce the differentiation of the B cells. 
These T lymphocytes are thus the "helper T" because they are involved in the activation of other 
lymphocytes. 
The activation of T cells is depending on (i) the antigenic signal (generated by the recognition of 
antigenic peptides presented by the MHC to the TCR), (ii) the co-stimulatory signals between the 
DCs and T cells, and (iii) the soluble signals such as cytokines that allow the differentiation of T 
cells based on the nature of the pathogen (figure 10) (J.C. Sun and L. Lanier, 2011). 
The activation of co4+ T cells is dependent on the antigen presentation by APC. CD4+ T cells 
are divided in different subsets and secrete cytokines that allow to initiate and amplify the 
activation of others immune cells such as CD8+ T cells, B cells or innate immune cells. 
When the pathogen is extracellular, it is phagocytized by a macrophage or a DC. The pathogen 
is thus in an endocytic vesicle where the pH is acidic, allowing the degradation of the pathogen 
through activated proteases. The vesicle containing peptides fuse with a vesicle containing the 
MHCII molecules. This latter vesicle originates from the endoplasrnic reticulum (ER). To avoid 
the binding of the peptides of MHCI to MHCII, an invariant chain (li) prevents the fixation of 
peptides on the MHCII. Once in the endosome, li is cleaved and CLIP (class II-associated 
invariant chain peptide) stays on the MHCII. CLIP is next removed, allowing the binding of 
peptides on MHCII. The peptides can be presented to the TCR of CD4+ T cell (figure 11) (T. M. 
Holling et al., 2004; K. S. Kobayashi and J. van den Elsen, 2012). 
Depending on the signal 3 that are transrnitted to the T cells via the phagocytic cells, T cells can 
differentiate to various subsets of TH (T Helper) cells (figure 12). The nature of pathogens and 
signais such as cytokines are involved in the polarization of the TH response. The secreted 
interleukins (IL) by innate immune cells will be different in function of pathogens, that allows a 
differentiation of T lymphocytes towards a specialized adaptive response. Here, only the TH 1 and 
the TH 1 7 will be detailed 7. 
6 IT AM is a conserved sequence of four amino acids (Tyrosine - X - X - Leucine). 
7 T H2 response: IL-4 will be adapted to differentiate T cells into T H2 responses to fight 
helrninthic infections. 
TH22 response: Another response, less known, is the TH22 response which is specific to the 










Figure 11: Antigenic presentation for CD4 and CDS T cells 
Exogenous 
antigen 
@l An intracellular pathogen is presented by MHCI to CD8± T cells: the proteins 
of the pathogen are degraded into peptides by the proteasome. Peptides enter in 
the ER via TAPI and bind MHCI. They are presented to CD8+ Tcells 
.(hl An extracellular pathogen is presented by MHCII to CD4± T cells: the proteins 
of the pathogen are degraded by proteases in the endocytic vesicle. This vesicle 
fuses with a vesicle that contains the MHCII. Peptides bind the MHCII and are 
presented to CD4+ T cells. Li and CLIP bind MHCII and next release the MHCII 
allowing the binding of extracellular peptides to MHCII. Then, it will be 
presented to CD4+ T cells (Adapted from K. S. Kobayashi and J. van den Elsen, 
2012). 
MHC: major histocompatibility complex, CD: cluster of differentiation, ER: 
endoplasmic reticulum, TAP: antigen peptide transporter, li: invariant chain, 































Figure 12: Differentiation of naïve T cells to different subsets and associated responses 
Depending on the cytokinic environment, the naive CD4+ T cells differentiate into a specific 
type of T Helper effector cells. A specific function is associated to the specific T cells. The 
polarization is possible thanks to different cytokines (Adapted from Swain et al.,2012). 
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Figure 13: Two distinct pathways to induce the THl response 
The transcription factor T-bet can be activated by two pathways: via IL-27 / STAT-1 or via IL- 12 
/ STAT-4. Once activated, T-bet can control the expression of IFN-y, standing for the main 
cytokine of THl immune response (Adapted from P. J. Barnes, 2008). 
TH: T helper, T-bet: T-box expressed T cells, IL: interleukin, STAT: Signal Transducers and 
Activators of Transcription, IFN: interferon. 
Introduction 
THl response: IL-12 allows a differentiation of naive T cells into a THl subset, specific to 
intracellular pathogen. It is the case for Brucella infection, but the specific Brucella response 
will be detailed later. 
The IL-12 is the first inducer of TH 1 response as described above. The main cytokine of this 
response is IFN-y. IFN-y is induced by the T-box expressed in T cells (T-bet), a transcription 
factor that controls the expression ofIFN-y. T-bet expression results in a specific transactivation 
ofIFN-y gene. T-bet can be activated by different pathways: STAT-1 (induced by IL-27) and 
STAT-4 (induced by IL-12) (figure 13) (P.J. Bames,2008). 
IL-12 acts via STAT-4 signalling pathway. The molecular basis of differentiation of TH 1 is not 
very clear but it is known that in absence of STAT-4, the TH 1 response is reduced. T cells can 
also produce IFN-y in the absence ofSTAT-4, suggestingthat IL-12-driven STAT-4 activation 
is not sufficient for the production of IFN-y by T cells. Indeed, it is known that CD8+ T cells 
can produce the cytokine of an IL-12-independent manner (S. Szabo et al. , 2000 ; A. O'Garra 
and N. Arai, 2000). 
It has been recently reported that IL-2 7 was a novel IL-12 farnily member and that it can induce 
T-bet expression via the JAK.l/STAT-1 pathway. STAT-1 appears to be more important in the 
induction of T-bet compared to ST AT-4, but the pathways are not completely understood (S. 
Karniya et al. , 2004). 
TH1 7 response: The THl 7 lymphocytes act at the epithelial surfaces and assure theelimination 
of extracellular bacteria. These T cells notably produce IL-1 7. This cytokine induces a high 
recruitment of neutrophils towards the site of infection. The differentiation of T cells in TH 1 7 
is induced by IL-6 and the transforming growth factor-beta (TGF-~). The THl 7 induces 
inflarnmatory responses. 
The regulatory T cells constitute a particular subset ofT cells that have arole in the suppression 
of inflarnmatory responses and the maintain of self-tolerance. They internet with DC and 
prevent a too high activation of lymphocytes, which can be deleterious of the host (Swain et al., 
2012). 
The cos+ T lymphocytes, expressing the CD8 co-receptor, are cytotoxic cells. They recognize 
the infected cells and destruct them by releasing perforins, forming a pore in the membrane of 
infected cells, and granzymes, passing through this canal to trigger the mechanism of cell death. 
The CD8+ T cells are activated by cytosolic antigen presented by the MHCI of DCs. The 
unfolded proteins of intracellular pathogen are degraded by the proteasome in peptides that pass 
in the ER via TAPI (transporters associated with antigen processing). In the ER, the MHCI is 
formed. The peptides bind the MHCI and are presented at the receptor and co-receptor of CDS+ 
T cells (figure 11) (K. S. Kobayashi and J. van den Elsen, 2012). 
3.4.2 The non-conventional T cells 
Among the T cells, it exists other cells called « the non-conventional » T cells. These cells 
present a TCR at their surface but do not possess a CD4 or CDS co-receptor. Unlike the 
conventional T cells, the TCR does not seem to require the presence of a classical MHCI or 
MHCII to be activated. These cells correspond for example to the NKT (Natural Killer T) cells 
and the yoTCR+ T cells. 
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Figure 14: BCR structure 
The BCR is composed of two heavy and two light chains, generating two sites of detection. The 
heterodimer Ig alpha/beta is associated with ITAM, allowing the intracellular signalling (Adapted 
from S.K. Pierce and W. Liu, 2010). ITAM: immunoreceptor tyrosine-based activation motif, Ig: 
immunoglobulin, BCRs: B cells receptors. 
Introduction 
The NKT cells express an alpha/beta receptor and recognize mainly glycolipid antigens 
presented by CDl on the cell surface of APCs. CDI is structurally similar to MHCI but does 
not present peptide. The role of NKT is not really defined, but if these cells are absent, auto-
immune diseases are induced. A hypothesis is that NKT could have arole of regulation by 
production of pro- and anti-inflammatory cytokines such as IFN-y and IL-10 respectively 
(Nestle et al. , 2009). However, these cells can also participate to immune defence (SM. Behar 
and SA Porcelli, 2007). 
The yoTCR+ T cells express a receptor composed of a gamma/delta chains. These cells do not 
seem to require antigen processing and MHC presentation of peptidic epitopes, although some 
of them recognize MHC class lb molecules. By contrast with aPTCR+ T cells, the yoTCR+ T 
cells do not express a co-receptor or co-stimulatory molecules at their surfaces. Their ligands 
are today unidentified but seem to vary and to be of diverse natures. The yoTCR+ T cells are 
mainly present in specialized compartments of the body such as the skin and mucosa. The main 
function of these cells are the maintenance of epithelial homeostasis and tissue repair. These 
cells provide a crucial first line of defence at the interface between the innate and the adaptive 
immune response (D. A. Witherden et al., 2014). 
3.4.3 The B lymphocytes or B cells 
The B lymphocytes express antigenic receptors to their surface, the BCRs. These receptors are 
able to recognize antigens with a native form (whatever its chemical nature). BCRs are receptors 
in membrane (role of pathogen detection, like the TCRs) or can be secreted as a monomer (IgE, 
IgG) or a polymer (IgA, IgM) (and play an effector function). In this case, we talk of 
immunoglobulins or antibodies. 
The BCR is composed of a membrane and a signalling subunits. The first one is composed of 
two heavy and two light chains. This first structure confers to the BCR two sites of detection. 
The second one is composed of a heterodimer protein (Iga and Igp). IT AMs are found in the 
tails of this last subunit and will allow the intracellular signalling after the detection of a 
pathogen (figure 14) (L. Matsuuchi and M. Gold, 2001). 
The activation of B cells will be less detailed than T cells because this master thesis focuses 
mainly on the T cells. B cells can be activated on T cells-dependent or -independent way. The 
thymo-dependent activation of B cells requires two signals: the specific antigenic signal :from 
BCR and the co-stimulatory signal :from activated CD4+ T cells. The role ofthese signals is the 
limitation of the risk of an auto-immune reaction. The thymo-independent activation of B 
cells does not require the CD4+ T cells. Sorne P AMPs or specific structure of antigens can 
directly induce the proliferation and the differentiation of B cells (C. Janeway et al. , 2001). 
23 
Class Properties 
IgA Found in gastrointestinal, respiratory and 
genital tract mucosa. Prevents the 
colonization by pathogens. Also present in 
saliva, tears and milk. 
IgD Membrane immunoglobulin. It is part of the 
membrane receptor of naive B lymphocytes 
(BCR). 
IgE Involved in allergie and parasitic processes. 
Its interaction with basophils and mastocytes 
causes histamine release. 
IgG Main immunoglobulin of adaptive immunity. 
It has the capacity to cross the placental 
barrier in certain animals such as carnivores, 
rodents and primates. 
IgM It is part of the membrane receptor of naive B 
lymphocytes (BCR). Form found in the 
serum, secreted early in adaptive immune 
response. 
Table 5: Different classes of immunoglobulins and their main properties 
The 5 classes of immunoglobulin (Ig) (IgA, D, E, Gand M) are found in specific location and 
present different properties. This table presents a brief description of eachclass. 
Introduction 
B cells derive from bone marrow, where the BCRs are generated and where the selection of B 
cells based on their self-tolerance takes place. After this selection, B cells continue their 
maturation in secondary lymphoid organs. After that, a part of B cells secretes IgM antibodies 
of low affinity. Other part ofB cells is activated by T cells and undergo a clonal expansion and 
a maturation of affinity of their BCR8. The cytokines produced by T cells and DCs lead to the 
expression of new classes of Ig. This process is called the isotypic switch and consists of a 
change of the heavy chain of antibody and allows a better adaptation of the Ig. The other classes 
of antibodies are thus produced: IgG, IgA or IgE. The table 5 shows the different classes of Ig 
and their properties (C. Janeway et al. , 2001). 
The effector mechanisms of antibodies are the neutralization, the opsonization and the 
activation of complement. Sorne class of antibodies can be preferentially produced on a T-
independent manner or on a T-dependent manner. IgG 1 or IgG2a are mainly produced following 
T cell dependent-activation of B cells. Although IgG3 constitutes a minor fraction of IgG 
produced on a T-cell-dependent manner, it is the major IgG subclass in response to bacterial 
polysaccharides (LJ Rubinstein and KE Stein, 1988), and seems to be important in the defence 
against bacterial and fungal infections (J. McLay et al. , 2002). 
3.5 Immune memory 
After an infection, to reduce the risk of autoimmune reaction, the majority of T and B cells are 
eliminated by apoptosis. However, a small fraction of these lymphocytes persists in host and 
constitutes the immune memory. Their frequency is dependent on the persistence of the 
pathogen. Indeed, if it is an acute infection, the memory cells will be progressively elirninated 
in function of their half-life time. However, in a chronic infection, the memory cells will be 
present during all life of the host because a chronic infection will stimulate the amplification of 
the memory cells pool. The memory cells could receive a survival signal that would allow them 
to survive, but the mechanism is not still very clear (O. Boyman et al. , 2009). 
After the immune response, a part of T cells constitutes a pool of memory T cells, specific to 
the encountered antigens. Sorne of memory cells reside in peripheral tissues such as the skin 
and constitute the peripheral memory. During a second infection, these T cells can rapidly 
initiate a cytotoxic or inflammatory response. Other memory T cells are in the lymph nodes and 
participate at the central memory. This reserve of memory T cells can rapidly differentiate in 
effector memory T cells and migrates at the site of infection during a second contact with the 
pathogen (C. Janeway et al. , 2001). 
The memory T cells memorize the antigenic determinant, the nature of the pathogen and thus 
the differentiation ofT cells adapted to the pathogen, and the location of the pathogen. This latter 
information is crucial for the development of an effective vaccine. 
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During the first infection, the primary response takes place. After that, an immune memory is 
created. During the second infection with the same pathogen, the concentration of antibodies will 
be higher and the response will be faster and longer. 
Introduction 
Concerning the B cells, the primary and secondary responses are very different. Indeed, in the 
secondary response (the memory) the number of clones of a B cell is weaker than in a primary 
response and each clone has a higher affinity . The secondary antibodies have a better affinity 
because only the B cells with a high affinity are stimulated in the second response. The memory 
B cells reside in the secondary lymphoid organs. These cells express a BCR of a high affinity. 
During a second infection, the B cells differentiate in plasmocytes, secreting antibodies. The 
memory plasmocytes reside mainly in bone marrow. These cells express only a few BCRs, but 
permanently secrete antibodies in blood (Kalia et al. , 2006). 
Thanks to the memory lymphocytes, during a second contact with the same pathogens, the 
response will be more effective and faster (figure 15). The vaccination involves the injection 
of an antigen preparation to induce a specific immune response against the pathogen and 
therefore protects against natural infection or mitigate its effects. It relies on the ability of the 
adaptive immunity to develop an immunologicalmemory. 
3.6 Skin immunity 
The immunity is specific to the concerned compartment. In this master thesis, mice were 
infected with Bruce/la melitensis in intra-dermal (ID). It is thus interesting to know the structure, 
the components and the immune cells of a skin. This is a brief description of the skin (D. 
Gawkrodger and M. Arden-Jones, 2012 ; A. Haake et al., 2001 ). 
One of the functions of the skin is to ensure a physical barrier to protect the host against injuries 
and in this case, against pathogen invasion. The objective is to keep the interna! systems intact. 
3.6.1 Structure of the skin 
The skin is composed of three layers: epidermis, dermis and hypodermis (figure 16A.). 
The epidermis is the most outer layer, directly in contact with the environment. It is a stratified 
epithelium of about 0.1 mm thick and is continually renewed. Its main function is to act as a 
protective barrier. The cells the most representative of this layer are the keratinocytes, cells 
producing the keratin, a fi brous protein playing arole of protection and support. The other types 
of cells in epidermis are the melanocytes, Langerhans cells (see Skin immunity) and Merkel 
cells9. 
The epidermis is composed of four layers: 
The stratum basale is mainly composed of keratinocytes, attached to the basal 
membrane by hemidesmosomes (figure 16 B.). 5-10 % of cells are melanocytes, inserted 
between the keratinocytes. These cells synthesize the melanin that pigmented the skin. The 
basal keratinocytes produce antimicrobial peptides, playing an important role in the defence 
against bacterial invasion. 
The stratum spinosum is composed of cells derived from the basal cells. The cells are 
inter-connected by desmosomes (figure 16 B.). Differentiating keratinocytes synthesize 
keratins, which aggregate to form tonofilaments, supportive mesh of these cells. Finally, 
Langerhans cells are often present in this layer. These cells are the resident dendritic cells of 
skin. 
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The skin is composed of the epidermis, dermis and hypodermis. The epidermis is constituted of 4 
layers; the stratum comeum, the stratum granulosum, the stratum spinosum and the deepest one, 
the stratum basale. Keratinocytes are the main cells of the epidermis. Melanocytes are present in 
the stratum basale and pigmented the skin. Langerhans cells are present in the stratum spinosum 
and are the resident dendritic cells. The cells of the stratum granulosum possess keratin granules 
and lamellar bodies that will allow the impermeability of the skin. Stratum comeum is composed 
of dead cells, the comeocytes. In the dermis (papillary and reticular dermis), blood vessels and 
nerve are present in the conjunctive tissue (Adapted from Gawkrodger D. and Arden-Jones M., 
2012). 
Desmosome 
Figure 16 B.: Hemidesmosomes anddesmosomes 
Adhesive proteins maintain the contact between cells (for example desmosomes) or between the 
cells and the basal lamina (hemidesmosomes). Desmosomes are stronger connections thatjoin the 
intermediate filaments of neighboring cells. 
Hemidesmosomes bind the intermediate filaments of a cell to the basal lamina (Adapted from JJ. 
Jefferson et al. , 2004). 
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The stratum granulosum is composed of flattened cells, losing their nuclei. The 
keratohyalin granules10 and the lamellar bodies11 are in the cytoplasm of cells. These bodies 
contain lipids and proteins and they lead to the formation of hydrophobie envelope, conferring 
to the skin its protective barrier function. 
The stratum corneum is the layer containing the keratinocytes at the end of their 
maturation. This layer is composed of sheets of cells without nuclei (called corneocytes). The 
cells are stuck together via a lipid glue derived from lamellar bodies. 
The dermis is a supportive connective tissue, containing structures directly connected with the 
epidermis. The thick of this layer is approximately of 0.6 mm. It is divided in 2 layers: the 
papillary dermis, the thin upper layer of the derrnis and the reticular dermis, the deeper and 
thicker layer of the derrnis. Dermis is composed of 70 % of collagen, imparting strength to the 
structure. The elastin fibres provide elasticity of the skin. Nervous fibres and blood vessels are 
present in this layer and assure the innervation and vascularization of the skin. The cells present 
are the fibroblasts (synthesizing notably collagen and elastin), dermal dendritic cells, mast cells, 
macrophages and lymphocytes. 
The hypodermis is the deepest layer of the skin and is composed of adipocytes and connective 
tissue. Its thick can be up to 3 cm on the abdomen. Nerves, blood vessels and lymphatic vessels 
are present. 
3.6.2 Immunity of the skin 
Thanks to its structure and its components, the skin constitutes an important physical barrier. 
The epidermal barrier plays a role in the innate immunity to not be invaded by pathogens. The 
role of blood vessels is to allow the migration of immune cells to the site of infection and the 
role of lymphatic vessels is to allow the migration of infected cells from the site of infection to 
the lymphoid organs. 
In the human epidermis, the layer in contact with the environment, some of immune cells are 
always present and are the sentinels of the cellular immune system. These cells are the 
professional APCs (dendritic cells) which are the Langerhanscells. 
The keratinocytes play also a role in the irnmunity by synthesizing antirnicrobial peptides, 
producing pro-inflammatory cytokines such as IL-1 and expressing MHC on their surface 
during inflammation. Keratinocytes are able to signal to dendriticcells. 
In the dermis, the dendritic cells are the dermal DCs. The T lymphocytes circulate in a safe 
skin for immuno-surveillance. When epithelial danger signais are detected, the influx of 
lymphocytes into the site of action is increased. The lymphocytes present in the skin are the 
CD4+ T cells and CD8+ T cells. The CD4+ T cells produce cytokines that determine the 
switching ofB cells to IgG (THl) or to IgE (TH2). The CD8+T cells target the cells to kill with 
perforin (to create a pore) and granzyme B (to induce apoptosis of target cell). These cells are 
mainly present in the derrnis, but sometimes CD8+ T cells are found in the stratum spinosum 
(M. Pasparakis et al. , 2014). 
1° Keratohyalin is a structural protein present in a granule formed in the cytoplasm of stratum 
granulosum cells. 
11 Lamellar bodies are secretory organelles secreted from keratinocytes, containing lipids. Their 
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Differential composition between rnurine and hurnan skin. Murine skin: in the epidermis, 
dendritic epidermal T cells (DETC), Langerhans cells (LC) and CD8 T cells are present 
and ensure the first protection against skin injuries. In the dermis, CD4 T cells, mast cells, 
dermal dendritic cells (DCs), y8TCR T cells and macrophages are the cells the most 
present. In the hurnan skin: DETC are absent in the epidermis. In the dermis, 
macrophages, dermal DC, CD4 T cells are present. The epiderrnis of hurnan is 
proportionally larger than mice epidermis (M. Pasparakis et al. , 2014). 
DETC: dendritic epidermal T cells, LC: Langerhans cells, CD: cluster of differentiation, 
DC: dendritic cells. 
1 ntroduction 
In addition to the T cells and the dermal DCs, the cells playing an immune role in the dermis 
are the mast cells, the macrophages and the innate lymphoid cells (ILCs). The mast cells have 
the ability to degranulate and to release histamine12. They are normal residents and their number 
increases during inflammatory reaction. The ILCs belong to the lymphoid lineage but lack of a 
B- or T-CR. The ILCs secrete cytokines to contribute to the early immune response against 
infection. 
The populations of immune cells are a little bit different between the mouse skin and human 
skin (figure 17). First, the density of hair follicles is higher and the epidermis is less thick in 
the mouse skin. Next, in the mouse epidermis, there is a predominance ofDendritic Epidermal 
T Cells (DETCs), expressing a y8TCR+ T cells (Sumaria N. et al. , 2011), that are absent in the 
humanskin. 
4 Experimental models to study Brucellae infection 
To study a pathogen, models of infection are developed in laboratory: the in vitro and the in 
vivo models. In vitro, it has been reported that Brucellae are able to invade phagocytic and non-
phagocytic cells (Ko and Splitter, 2003). In vivo, when Brucellae penetrate host, bacteria are 
rapidly translocated across the mucosal epithelium and are able to infect myeloid cells such as 
macrophages and dendritic cells (DCs) (Copin et al. , 2012), but also placenta! trophoblasts (P. 
de Figueiredo et al., 2015). 
4.1 Discovery from in vitro models: the trafficking 
The trafficking of Brucellae inside host cells has been analyzed in vitro, mainly in Hela 
epithelial and RA W264.7 macrophage cell lines. In these cells (figure 18), Brucellae are 
immediately integrate in a Brucellae-containing vacuole (BCV), its intracellular compartment. 
This BCV interacts with components of the early endosomal (EE) and late endosomal (LE) 
pathways and next partially fuses with lysosomes (Lys), that allows to BCV to become an 
endosomal BCV ( eBCV). The interactions with late endosomes and lysosomes are associated 
with the acquisition of endosomal markers such as lysosomal-associated membrane protein 1 
(LAMPl) and the acidification of the vacuole (J. Celli, 2015 ; T. Starr et al. , 2008). This 
acidification induces the expression of the VirB type 4 secretion system (T4SS). VirB is able 
to release effectors that control the interactions with the ER exit sites (ERES) and to mature the 
eBCV into replicative BCV (rBCV) via the fusion of eBCV with ER-derived membranes and 
elimination of endosomal membranes. The ER seems to be the replication niche of Brucellae 
(J. H. Brumell, 2012). This niche allows to escape the destruction performed by the 
phagolysosome. 
How bacteria are able to disseminate from one cell to another is not very clear, but the rBCVs 
would be converted into an autophagie BCV (aBCV) via an autophagy process. Brucellae could 
manipulate the autophagy pathway of the host to disseminate in other cells (J. Celli, 2015, R. 
M. Roop et al., 2004). 




Figure 18: Representation of intracellular trafficking of Brucel/ae in phagocytic cells 
Brucellae are phagocyted and reside in BCV (Brucellae-containing vacuole). This BCV interacts 
with EE (early endosomes), LE (late endosomes) and Lys (lysosomes). The BCV fuses partially 
with lysosomes to become an eBCV. In this eBCV, there is an acidification of pH that causes the 
induction of VirB. This VirB type 4 secretion system (T4SS) releases effectors that prevent its 
degradation. eBCV fuses with ER-derived membranes to become the rBCV. Brucellae replicate 
in the ER and are integrated in an autophagie aBCV, that facilitates the bacterial egress ( adapted 
from J. Celli, 2015). 
BCV: Brucellae-containing vacuole, EE: early endosome, LE: late endosome, Lys: lysosome, 
eBCV: endosomal Brucellae-containing vacuole, pH: potential hydrogen, T4SS: Type 4 secretion 
system, ER: endoplasmic reticulum, rBCV: replicative Brucellae-containing vacuole, aBCV: 
autophagy Bruce llae-containing vacuole. 
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4.2 In vivo study models: Mus musculus 
After the in vitro studies, to characterize a pathogen and its relation with the immune system, it 
is important to move to the in vivo models. The study of brucellosis in humans, ruminants or 
primates has been banned for financial , practical and ethical reasons. Small animais of 
laboratories are frequently employed as models in the researches about Brucella. The chicken 
embryo and the rabbit models have been put aside for different reasons such as costs, size and 
management. The guinea pig is an animal that seems to be the most physiological and 
susceptible to the infection with Brucella, but the reproduction and the realization of deficient 
guinea pigs are not easy. Although this model is the best for the vaccine studies, it is more and 
more replaced by other laboratory animais (M.-J. Grillo et al. , 2012). 
Now, the in vivo model in the study of immune system after infection with a pathogen is 
classically the mouse. The rnice model possesses several characteristics among which an easy 
reproduction and the ability to create rnice genetically deficient for key element of immune 
system. 
4.2.1 Intra-peritoneal (IP) infectionmodel 
The intra-peritoneal model of infection is the most frequently used experimental model to study 
Brucellae infection in rnice. This model has allowed to know the information about the 
detection escape: the modifications of surface components allow to Brucellae to be weakly 
recognized by the PRRs of the host cells. For example, the lipopolysaccharide (LPS) Lipid A 
of Brucellae is modified to not be recognized by TLR4 and to trigger an immune response. The 
flagellin lacks of an essential domain for the detection by TLR5 (M. Terwagne et al., 2014 ; 
Conde-Alvarez et al., 2012; Alturi et al., 201 1). The protein BtpB is a translocated effector that 
blocks the signalling of TLR2 and TLR4, receptors involved in the recognition of LPS and 
lipoprotein respectively (Salcedo et al. , 2013). Once in the cell, there is the T4SS that allows to 
bacteria to modify the intracellular trafficking to prevent the degradation by lysosomes and to 
control the fusion with ER to catch nutrients. Other strategies known are the inhibition of 
apoptosis of infected cells, the prevention of DCs maturation, the reduction of antigen 
presentation by MHCII via the unconventional structure ofLPS that forms an inactive complex 
with MHCII, resulting in a decrease of activation of T cells (Forestier et al., 1999 ; P. de 
Figueiredo et al., 2015 ; Alturi et al., 2011). Despite its strategies, Brucellae are finally 
recognized by the innate immune system. Bacteria are detected through their unmethylated CpG 
by the TLR9. The induction of cells producing iNOS and IFN-y required TLR4 and TLR9 
stimulation, coupled to the pathways dependent of Myeloid differentiation primary response 
(MyD) 88. MyD88 is an adapter molecule and is involved in the regulation of the downstream 
signalling of TLRs (R. Copin et al. , 2007). 
The IP model has allowed to generate a lot of information about the immune response of rnice 
in spleen after an infection with Brucellae . In this model, Brucellae are found in blood of mice 
from 10 minutes post-infection (p.i.) and persist until around 20 days p.i. (R. Copin et al., 2012, 
M.-A. Vitry et al. 2014). Brucellae are found in spleen only 10 minutes after IP infection and 
are able to persist in this organ at least 50 days. 
The spleen cells infected by Brucellae have been characterized: resident macrophages (red pulp 
macrophages and marginal zone macrophages), recruited monocytes and inflammatory DCs 
(Copin et al., 2012). Following activation, DCs secrete IL-12 and TNF-a in small amount and 
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Figure 19: THl immune response developed by host after Brucellae infection 
Once infected, macrophages or DCs produce IL-12, allowing the differentiation of naive T cells 
into THl cells. These cells are able to produce IFN-y, that induces the production of effectors such 
as iNOS to clear the infected cells. Other non-infected cells can also produce IL-12 to amplify the 
response. 
TH: T helper, DC: dendritic cells, IL: interleukin, IFN: interferon, iNOS: inducible nitric oxide 
synthase. 
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differentiate naive cells into THl-mediated cells. TNF-a allows the activation of macrophages 
and increases their ability to fight Brucellae. The secretion of IL-12 results in the production of 
IFN-y by activated CD4+ T cells. (Y. Zhan and C. Cheers, 1993; V. Weynants et al. , 1998; C. 
Baldwin and M. Parent, 2002; E. A . Murphy et al., 2001 ; V. Suraud et al., 2008). IFN-y is the 
main cytokine produced in a THl response and is important for the control of Brucellae. IFN-
y is known to induce the activation of effectors mechanisms - e.g. iNOS - in the infected cells, 
leading to the elimination of bacteria (figure 19) (R. Copin et al., 2007; R. Copin et al. , 2012). 
Note that CD4+ T cells are not the only cells producing IFN-y during Brucellae infection. Indeed, 
this cytokine can be secreted by both innate (by y8TCR+ T cells and NK cells) and adaptive 
(CD4+and CD8+T lymphocytes) immune systems. IFN-y also induces the granuloma formation 
in liver and spleen at 6 days p.i. (Copin et al., 2012). The granuloma is composedof infected 
macrophages and inflammatory DCs surrounded by T cells . The granuloma seems to be the 
main bacterial contention mechanism in several model of intracellular bacterial infections such 
as Mycobacterium tuberculosis and Brucellae (T.D. Bold and J.D Ernst, 2009) (figure 20) . As 
expected, mice deficient for IL-12 or IFN-y displayed high susceptibility to Brucellae infection. 
Despite their activation during infection, CD8+ T cells and B cells do not seem to play an 
indispensable role to control Brucellae growth in spleen (M.-A. Vitry et al. , 2012) during 
primary infection. The course of infection appears similar in wild type mice and mice deficient 
for CD8+ T cells (TAP1-1-mice) or B cells (MuMr1-mice). At 28 days p.i. , the IgG2a and IgG3 
are the dominant antibodies that are detected. The role of antibodies against Brucellae is 
probably the opsonization (Ko and Splitter, 2003). 
The difficulty to develop an efficient vaccine against brucellosis cornes from the lack of 
understanding of protective memory against Brucellae. In mice infection model, the protective 
immune memory can be evaluated via a second infection, called the challenge (immunization). 
In the intra- peritoneal (IP) infection model, both the humoral and the cellular immune responses 
are indispensable to control Brucellae dissemination and growth. Indeed, memory mice 
deficient for B cells, MuMr1- mice, have more colony forming units (CFU) in blood compared 
to wild- type (WT) mice, suggesting a role of B cells in the immune memory. Specific 
antibodies of immunized mice are able to neutralize Brucellae before the erythrocyte invasion 
and thus reduce the dissemination of bacteria into organs. Only the IgM seems to be sufficient 
in the control of bacteria. Memory mice deficient for CD4+ T cells (MHCir-1- mice ), or for TH 1 
response (IL-12p3 s-1- mice) are notable to control the secondary infection, suggesting that IFN-
y-producing CD4+ T cells are key elements of cellular memory immunity. In contrast, memory 
mice deficient for CD8+ T cells or y8TCR+ T cells appear to be able to control the secondary 
infection (M.-A. Vitry et al., 2014). 
Despite the important information generated by this experimental model, the IP mode of 
infection is not natural and bypasses numerous immune defences of host organism such as 
mucosal defences. Following an IP infection, bacteria disseminate immediately in all 
compartments via the blood where there are rapidly found. 
4.2.2 Intra-nasal (IN) infection model 
As said above, Brucellae can be transmitted by aerosols. In order to analyze the role of mucosal 
immunity in the control of Brucellae infection, an intra-nasal (IN) model has been developed 
by our group (D. Hanot Mambres et al., in review) (table 6) . In striking contrast with the IP 





Figure 20: Granuloma during chronic brucellosis 
The granuloma is a structure that allows the contention of bacteria and limits the progressive 
infection. It is composed of in:flammatory DCs and macrophages in the center, around ofT cells. 
Bacteria therefore undergo privation of oxygen and nutrients starvation, but it is insufficient to 
kill the bacteria. 
The black circles represent Brucella. DC: dendritic cells. 
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Table 6: Comparison of intra-peritooeal and intra-nasal models 
Comparison of the intra-peritoneal and intra-dermal models. The primary immune response, 
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Figure 21: CFU in blood of mice after IP and IN mode ofinfection 
After IP mode of infection, bacteria are found in the blood of rnice. The high rate of CFU in blood 
after only 3 hours can explain why the spleen is rapidly infected in this model. By contrast, no 
bacteria are found in blood of rnice after an IN mode ofinfection. 
IP: intra-peritoneal, IN: intra-nasal. 
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disseminates slowly from lung to spleen and li ver. The lung has been shown to be involved in 
the control of bacterial growth and dissemination through different mechanisms: an early (5 
days p.i.) IL-17-mediated response (Tttl 7) associated to y8TCR+ T cells, and a late (12 days 
p.i.) IL-12/IFN-y-mediated immune response (Tttl) associated to CD4+T cells. The control of 
Brucellae in spleen and liver (12 - 28 days p.i.) seems mainly dependent on IFN-y producing 
CD4+ T cells. In this model, B cells seem to do not play the role in the control of Brucellae, 
because B cells deficient mice do not appear to be more susceptible to infection. 
On the whole, these results suggest that the cellular immunity is crucial to control intra-nasal 
primary infection by Brucellae and that the effector mechanisms depend on organs and timing 
of the infection. 
When mice are challenged with Brucellae to study the secondary immune response, these mice 
efficiently control Brucellae growth and dissemination at lung level. Using genetically deficient 
mice, it has been showed that T cells, but not B cells, are crucial to control secondary intra-
nasal infection. CD3+ and aPTCR+ T cells deficient mice do not display a protective memory 
response. In contrast, B cells, y8TCR+ T cells, CD4+ T cells and CD8+ T cells deficient mice 
control secondary infection with the same efficiency of wild type mice. These results suggest 
that aPTCR+ T cells are indispensable for the protective memory response and that memory 
CD8+ T cells are able to compensate for the deficiency of memory CD4+ T cells. Surprisingly, 
the deficiencies in IL-12p35 or IL-17RA do not affect the control of secondary infection, 
suggesting that the absence of TH 1 may be compensated by the TH 1 7 response and conversely. 
The absence of B cells does not impact the protective memory, suggesting that Brucellae 
disseminate from lung to spleen and liver inside phagocytic cells, allowing to escape to the 
neutralization by the antibodies. 
The comparison between IP and IN infection models suggests that the immune mechanisms 
implicated in the control of bacterial growth and dissemination are strongly dependent on the 
entry route and legitimate the study of other natural routes of Brucellaetransmission 
4.2.3 Intra-dermal infection (ID) model 
Another frequent reported natural pathway of Brucellae transmission is the direct cutaneous 
infection, for example by the contact with infected fluid as arnniotic fluid or tissues from 
infected animals allowing an hematogenous spread. The risk of an infection by Brucellae 
through a skin lesion is higher for practitioners such as cattle dealers, butchers, vets, farmers or 
scientists working with this pathogen (E. M. Galinska and J. Zagorki, 2013). In this context, our 
research group has recently started the development of an intra-dermal (ID) infection model in 
m1ce. 
In this model, the infection of mice with Brucellae is realized at the footpad. This mode of 
infection has been already established for an infection of Leishmania major protozoa in mice. 
The fact to use a syringe to inject the pathogen into the footpad could create itself a lesion and 
an inflarnmatory environment. However, the syringe inducing lesion can imitate the skin lesion 
induced by cutting instruments used by a vets or a butcher. 
Preliminary data on this model are available from Aurore Lison' s Master thesis (2014-2015). It 




The recruitment of monocytes is partially dependent on C-C chemokine receptor type 2 (CCR2) 
and their activation is dependent of IFN-y. In CCR2 or IFN-y-receptor deficient mice, there is 
a delayed or absence of monocytes recruitment and an important neutrophils recruitment. The 
infection is not controlled, and the neutrophils induce tissue damage. Flow cytometric analysis 
shows that the main producers of IFN-y seem to be the NK and CD4+/ CD8+ T cells in the 




The main objectives of this master thesis are (i) the characterization of the intra-dermal (ID) 
infection with Brucella melitensis in wild type C57BL/6 rnice. This first section notably consists 
of the study of the infection kinetic in lesion, draining lymph node and spleen. The bacterial 
load is also studied in blood. (ii) The identification of infected cells in the lesion and in the 
draining lymph node is tested through different markers specific of monocytes, dendritic cells 
or neutrophils. (iii) Because we know that the immune response is depending on the route of 
infection, we want identify the subclasses of immune response and the lymphoid cell 
populations involved in the control of Brucella melitensis after a primary and a secondary ID 
infection through the use of rnice deficient for key elements of the immune system. The results 




Figure 22 A.: Intra-dermal infection ofmice 
A. The day of infection, the infectious dose is prepared to obtain a suspension of 2x106 Bruce/la 
melitensislmL of RPMI. Around 20 µLo f this suspension are injected into the footpad of C57BL/6 
mice. The swelling confums the injection. 
Results 
RESULTS 
In all experiments, C57BL/6 rnice were infected at the footpad with a suspension containing 
2x 106 bacteria/mL. A volume of approximately 20 µL was injected, that means that each mouse 
receives approximately 4xl 04 bacteria (figure 22 A.). The immediate swelling of the footpad 
confirms the intradermal (ID) injection and the evaluation of the CFU in footpad at early times 
(2h) p.i. allows to estimate that approximately 5xl 03 CFU have been injected. The inflammatory 
swelling can be estimated at selected times post-infection via a tool called « Vernier ». In the 
following sections of this master thesis, the footpad, the primary site of infection, will be called 
the « lesion ». 
1 Characterization of WT C57BL/6 mice after intra-dermalinfection 
The objective of the first experiment is to characterize the course of intra-dermal infection in 
WT C57BL/6 rnice. For this, six mice have been used and the right footpad of each rnice has 
been infected, while the left footpad, non-infected, was used as control (figure 22 B.). In the A. 
Lison' s master thesis (2014), the RPMI injection of footpad had been realized as a second 
control to assess the swelling only due to the injection. However, no swelling was observed, 
suggesting that it was not induced by the injection itself ( data not shown). The measure of the 
lesion has been realized before the injection and at 3, 7 and 12 days p.i .. The size of the control 
footpad (uninfected; in green) is approximately stable around 2.2-2.3 mm at all time points. 
Concerning the infected footpad (red), the size reaches its peak: of swelling at 3 days p.i. 
infection with a size of 2.6 mm, and next decreases to reach again a normal size around 2.2 
mm at 12 days p.i. (figure 22 C.). This swelling could be due to the recruitment of inflammatory 
cells at the site of pathogen infection and due to the inflarnrnatory edema. 
The bacterial load in the lesion, draining lymph node (popliteal lymph node) and spleen has 
been deterrnined by counting the colony forrning units (CFU) at selected times p.i. (figure 23 
A.). The CFU count allows to evaluate the nurnber of a live bacteria at specific times in each 
organ. The peak: of bacterial load is reached at 3 days p.i. in the three organs. In the lesion, this 
peak corresponds to the peak of swelling of the footpad. At this time, there is approximately 
5x104 CFU in the lesion. This nurnber then decreases approximately of three orders of 
magnitude to reach a mean of less than 102 CFU at 50 days p.i .. In the dLN, a mean of 27 CFU 
can be recovered at 2 hours p.i .. The bacterial load then shows a three-log increase to reach the 
peak: of infection (at 3 d. p.i.). After this time, the bacterial load decreases to be under the 
threshold of detection at 50 days p.i .. This threshold is estirnated at 10 bacteria preventing 
therefore an absolute confidence about the complete elirnination of B. melitensis. In the spleen, 
the peak of infection at 3 days correspond to 104 CFU. The CFU nurnber is relatively stable 
during the rest of the kinetic with around 103 detectable CFU. Importantly, in contrast to lesion 
and draining lymph node, B. melitensis appears to be able to persist at high level in the spleen 
for a period as long as 50 days p.i .. 
The dissernination of Brucella is dependent on the infection route. In the intra-peritoneal model 
(IP), it has been shown that bacteria quickly infect both spleen and liver and are able to persist 
in blood for several weeks (R. Copin et al., 2012, M.-A. Vitry et al. 2014). Incontrast, following 
intra-nasal infection (IN), Brucella disserninates slowly into the spleen and the liver and is not 
detected in the blood (D. Hanot Marnbres et al., in reviewing). After intra-dermal infection (ID), 
more than 103 CFU are already detected in the spleen at 2 hours p.i .. This result suggests that 
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Figure 22 B. and C.: Comparison of infected and uninfected footpad of WT 
C57BL/6 mice (B.) and variation of the size of the lesion (mm) of infected WT 
C57BL/6 mice and uninfected WT C57BL/6 mice (C.) 
WT C56BL/6 mice have been infected with 20 µL of a suspension containing 2xl06 
bacteria/mL. Six 
mice have been used and only one footpad by mouse was infected. The infected footpad 
is called "infected footpad" (red). The footpad called "Uninfected footpad" (green) has 
not been infected. At selected times post-infection, the footpads have been measured 
with a tool called "Vernier" (see figure 22 B.) as described in Materials and Methods. d 
(days), n (number of organs), WT(wild-type). 
B. Picture of mice footpads (12 days post-infection), one infected (red) and the other 
uninfected (green). The « Vernier » is the tool allowing the measure of the footpad 
swelling. C. The size of lesion has been measured at selected times post-infection. 
These data are representative of at least two independentexperiments. 
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Figure 23 A. : Kinetic of bacterial load in lesion, draining lymph node and spleen in 
WT C57BL/6 mice after intra-dermalinfection 
WT C57BL/6 rnice have been infected with 20 µL of a suspension containing 2xl 06 
bacteria/mL. At selected times post-infection, the footpads, draining lymph nodes and 
spleens have been harvested and plated on 2 YT agar medium to assess the bacterial load 
(CFU) as described in Materials and Methods. The data are representative of at least two 
independent experiments. h (heurs), d ( days ), n (number of organs ), dLN ( draining lymph 
node), red bar: median, dotted line: threshold of detection of bacteria. In this case, white 
and black colors have no specific signification. 
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Figure 23 B.: Bacterial load in blood of WT C57BL/6 mice after intra-dermal (ID) 
and intra-peritoneal (IP) modes of infection 
For ID infection, mice have been infected with 20 µLof a suspension containing 2x106 
bacteria/mL. For 
IP infection, 4x104 CFU of B. melitensis/500 µL have been injected by mice. Eight WT 
C57BL/6 mice have been infected by mode of infection. The blood has been harvested at 
selected time post-infection and plated on 2 YT agar medium as described in Materials 
and Methods. Significant differences are denoted by asterisks: ** p < 0.01 , *** p < 0.001. 
The statistical differences are compared between IP and ID mode of infection. h (hours ), 
d ( days ), n (number of mice ), ns (non-significant), IP (intra-peritoneal), 
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Figure 24: Summary graph of the bacterial load in the Iesions, the draining lymph 
nodes, the spleens and the blood (Figure 23) after intra-dermal infection 
Mice have been infected with 20 µL of a suspension containing 2x106 bacteria/mL. At 
different times post-infection, the lesions, the draining lymph nodes, the spleens and the 
blood have been harvested and plated on 2 YT agar medium as described in Materials and 
Methods. The figure shows the means of CFU/organs or mL of blood at each selected times 
post-infection. d (day), dotted line: threshold of detection ofbacteria. 
Results 
presents in the blood of mice following an ID infection was measured. Eight mice have been 
infected with 4xl 04 bacteria/500 µLin IP and eight mice have been infected with approximately 
5x103 CFU in ID. The blood ofID and IP infected mice was harvested at different times p.i. (3 
h, 1 d, 2 d, 13 d and 28 d) and plated on 2 YT agar medium (figure 23 B.). In the blood of IP 
infected mice, approximately 7xl 03 CFU/mL are detected at 3 h p.i.. This bacterial load 
decreases at 1 d and 2 d p.i., then surprisingly increases at 6 d p.i., then decreases again to finally 
be under the detection threshold (10 CFU/ml) at 28 days p.i .. The kinetic of bacteria after ID 
infection appears similar but the ID bacterial load is approximately one log lower, presumably 
due to the difference of the infectious dose. These results suggest that following ID injection, 
some bacteria pass directly into the blood and are able to directly disseminate from blood to 
spleen. 
To summarize these first results, the figure 24 shows the bacterial load par organs or mL of 
blood after ID infection. From 13 days p.i., the number of CFU per mL of blood or per organs 
decreases, suggesting a control of Brucella melitensis by the immune system of WTmice. 
As described in the introduction section, the skin of the footpad is divided into three distinct 
layers (epidermis, dermis, hypodermis) . .The figure 25 represents a transverse section of a 
footpad of a naive wild type C57BL/6 mouse. The following stainings have been realized: DAPI 
(to mark the DNA in blue) and phalloidin (to mark the actin ingreen). 
Mice were ID infected and the lesions harvested at 2 hours and at 72 hours p.i .. The mCherry 
fluorescent tracer expressed by Brucella allows to visualize the bacteria present in infected cells 
and to count them (figure 26). At 2 hours p.i., only one bacterium is generally detected per cell. 
However, at 72 hours p.i., the number of bacteria per cell increases and is difficult to quantify. 
These results suggest that Brucella actively <livides between 2 and 72 hours p.i .. This correlates 
with the CFU count measured in the lesion during the course of infection (figure 23 A.). 
2 Phenotype of infected cells 
Specific immunostainings have been performed on lesion and draining lymph node from control 
and infected mice. The figure 27 shows a representative image of MHCII and Ly-6G staining, 
respectively, on lesion from naive and a 3 days-infected lesion of mice. The standard DAPI 
(blue) and phalloidin (green) stainings have been performed and mCherry-Brucella is in white. 
The MHCII antibody (red) (A.) has been used to mark myeloid cells. In the uninfected lesion, 
MHCII-expressing cells are detected mainly in the epidermis. These cells correspond 
presumably to Langerhans cells, the resident dendritic cells of the skin. In the lesion at 3 days 
p.i. , the myeloid cells in the epidermis are always present and a recruitment of MHCII+ cells is 
observable in the dermis. Ly-6G staining (red) (B.) is considered as specific to the neutrophils. 
In the naive footpad, no neutrophil has been detected. In contrast, in the lesion at 3 days p.i., a 
massive recruitment of neutrophils is observable in the dermis. Note that the thickness of the 
dermis increases at 3 days post-infection compared to the naive lesion, correlating with the 
swelling observed at 3 days (figure 22C.). 
After the generation of a large collection of images from stained lesions, a counting has been 
performed to have an overview of the percentage of infected cells for each staining. The infected 
cells are classified as « isolated cells » for infected (mCherry+) cells that are positive for the 
specific staining and that are isolated, « aggregated cells » for the infected cells positive for the 






Figure 25: Histofluorescence analysis of a lesion from a naïve WT C57BL/6 mouse 
The lesion of a naïve mouse has been harvested and the following stainings have been used: 
DAPI (DNA; blue) and Phalloidin ( actin; green) . Epidermis, dermis and muscular fibres are 




















Figure 26: Immunohistofluorscence analysis oflesion after intra-dermal infection of 
WT C57BL/6 mice 
Mice have been infected with 20 µLof a suspension containing 2x 106 bacteria/mL. At 2 
hours and 72 hours post-infection, the footpads have been harvested to perform 
immunohistofluorescence stainings as described in Materials and Methods. The following 
stainings have been used: DAPI (DNA) and phalloidin (actin). Scale bars: 10 µm. Yellow 
arrows show the infected cells representative of the number ofbacteria by cell. 
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Figure 27: Immunohistofluorscence analysis of Jesion after ID infection of C57BL/6 
WTmice 
Mice have been infected with 20 µL of a suspension containing 2xl 06 bacteria/mL. At 
3 days post-infection, the footpads have been harvested to perform 
immunohistofluorescence stainings as described in Materials and Methods. Lesion of 
naive mice has undergone the same treatment. The following stainings have been used: 
DAPI (DNA), phalloidin (actin) and MHCII (MHCII expressing-myeloid cells) (A.) or 
Ly-6G (neutrophils) (B.) Scale bars: 100 µm . Each image that is shown here is 
representative of the whole observation. 
41 
Figure 28: Characterization of infected cells expressing MHCII, Ly-6G or CDllc in the 
les ion of WT C57BL/6 mice 
Mice have been infected with 20 µLof a suspension containing 2xl 06 bacteria/mL. At selected 
times post-infection, the footpads have been harvested to realize immunohistofluorescence 
stainings as described in Materials and Methods. The following stainings have been used: 
DAPI (DNA), phalloidin (actin), MHCII (MHCII expressing-myeloid cells) or L6-6G 
(neutrophils) or CDl lc (dendritic cells). Scale bar: 10 µm. The data represent what means in 
this case « negative » (yellow arrows), « isolated » (blue arrows), or « aggregated » (green 
arrows) infected cells. Each image that is shown here is representative of the whole 
observation. 
Results 
negative for the specific staining. The figure 28 shows representative images of each category. 
Although the aggregates formed between Ly-6G+ cells frequently contain a great number of 
cells, the aggregates formed by MHCII+ cells are generally composed of only 2 or 3 cells. It 
should be noticed that a positive is considered as a merged image between the antibody staining 
and mCherry -Brucella. A confocal microscopie analysis could be used for the confirmation of 
the location of Brucella and to be sure that it is indeed inside of thecell. 
For the Ly-6G-specific staining (figure 29) of neutrophils, 490 (2 hours), 955 (24 hours) and 
3,018 (72 hours) infected cells have been observed. These numbers represent 100 % of counted 
cells at each specific time. Among these cells, at 2 hours and 1 day p.i., more than 96 % of 
infected cells appear « negative ». However, at 3 days p.i., the percentage of the positive 
(isolated and mostly aggregated) infected cells increases to reach 8.5 % and 25.6 % respectively. 
Concerning the MHCII staining (figure 29), the counting has been realized on 504 (2 hours), 
239 (24 hours) and 1,774 (72 hours) infected cells . During the kinetic, the percentage of 
MHCII+ isolated cells stays stable and corresponds to a mean of 9 % of infected cells. 
Finally, for the CDllc staining (figure 29) specific of DCs, 62 (2 hours), 352 (24 hours) and 
1,560 (72 hours) infected cells have been counted. The results show that more than 92 % of 
infected cells are negative for the staining. 
These results suggest that in a lesion, 25.6 % of infected cells seems to be neutrophils 
(expressing Ly-6G) at 3 days p.i .. However, at 2 hours, 1 day and 3 days p.i. the infected cells 
are neither predominantly activated mature monocytes ( expressing high level of MHCII) nor 
DCs (expressing CDllc) nor neutrophils (at 2 hours and 1 day p.i.). At this stage, we cannot 
conclude about the identity of the infected cells at early times post-infection in thelesion. 
The same stainings (DAPI, Phalloidin, Ly-6G, MHCII, CDl lc) have been realized on cryo-
sections from infected popliteal lymph nodes (figure 30). At 2 hours and 1 day p.i., the number 
of bacteria appears insufficient to allow a statistical analysis of the phenotype. As a 
consequence, we have limited our analysis to the 3 d infected-draining lymph node (figure 31). 
For the Ly-6G staining, on 201 infected cells, only 6.5 % are positive. We observed that, in 
contrast to lesion, approximately half of infected cells are positive for MHCII and CDl lc 
markers, suggesting that infected cells in popliteal lymph nodes are mainly mature DCs 
(CDl 1c+MHcn+). 
Preliminary data from the Aurore Lison'master thesis (2014) have suggested the involvement 
of recruited monocytes in the control of Bruce lia growth in the lesion. Indeed, a flow cytometric 
analysis of recruited cells in lesion has shown that the major recruited population at 3 days p.i. 
is CDl 1 b+ (myeloid marker) F4/80+ (monocytes/macrophages marker) and Ly- 6G-(neutrophils 
marker) (figure 32). This phenotype is correlated to the monocytes. Monocytes recruitrnent 
correlates with the size reduction of the lesion. To test the implication of these cells in the 
control of infection, CCR2-1- C57BL/6 mice (partially deficient for the recruitrnent of 
monocytes) and WT mice were infected. The CFU count has been measured at 3 days, 7 days 
and 28 days p.i. (figure 33). CCR2 deficiency significantly affects the ability of mice to control 
Brucella growth at 7 days and 14 days p.i. in lesion and draining lymph node but not in spleen. 
This experiment has been performed only one time, but confirms the previous experiments 
realized by A. Lison during her master thesis. They confirm a key role of monocytes in the early 
control of Brucella in the ID infection and the involvement of the CCR2 chemokine receptor in 
the recruitrnent of monocytes. 
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Figure 29: Comparison of the phenotype ofinfected cells in the lesion ofWT C57BL/6 mice 
Mice have been infected with 20 µLof a suspension containing 2xl 06 bacteria/rnL. At selected 
times post- infection, the footpads have been harvested to perform immunohistofluorescence 
stainings as described in Materials and Methods. The following stainings have been used: DAPI 
(DNA), phalloidin (actin),MHCII (MHCII expressing-myeloid cells) or Ly-6G (neutrophils) or 
CD 11 c ( dendritic cells ). 100 % represents 490 ; 95 5 and 2,018 infected cells counted at 2 hours, 
1 and 3 days post-infection for the Ly-6G staining- 504; 239; 1,774 infected cells counted at 
2 hours, 1 and 3 days post-infection for the MHCII staining - 62 ; 352 ; 1,560 infected cells 

































Figure 30: Characterization of infected cells expressing MHCII or Ly-6G or CDllc in 
the dLN of WT C57BL/6 mice 
Mice have been infected with 20 µLof a suspension containing 2x106bacteria/mL. At selected 
times post-infection, the draining lymph nodes have been harvested to perform 
immunohistofluorescence stainings as described in Materials and Methods. The following 
stainings have been used: DAPI (DNA), phalloidin (actin), MHCII (MHCII expressing-
myeloid cells) or Ly-6G (neutrophils) or CDI lc (dendritic cells). Scale bars: 20 µm. The data 
represent what means in this case « negative » (yellow arrows) or « positive isolated » (blue 
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Figure 31: Comparison of the phenotype of infected cells in the popliteal Jymph node of 
WT C57BL/6 mice 
Mice have been infected with 20 µL of a suspension containing 2xl 06 bacteria/mL. At selected 
times post-infection, the draining lymph nodes have been harvested to realize 
immunohistofluorescence stainings as described in Materials and Methods. The following 
stainings have been used: DAPI (DNA), phalloidin (actin), MHCII (MHCII expressing-
myeloid cells) or Ly-6G (neutrophils) or CDll c (dendritic cells). 100 % represents 201 
infected cells counted at 3 days post-infection for the Ly-6G staining - 96 infected cells 
counted at 3 days post-infection for the MHCII staining - 181 infected cells counted at 3 days 
post-infection for the CDl lc staining. Data must be reproduced. 
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Figure 32: Flow cytometric analysis of an infected lesion of WT C57BL/6 mice 
Mice have been infected with 20 µL of a suspension containing 2xl 06 bacteria/mL. At 3 and 7 
days post-infection, lesions have been harvested to perform cytofluorometric analysis. (A.) 
First, CDl 1 b staining has been used (to mark the myeloid cells) . Next, from these CDl 1 b+ cells 
(73 .67 % in an infected foodpad) , (B.) Ly-6G (neutrophils) and F4/80 
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Figure 33: Variation intime of the bacterial load in lesion, draining lymph node and spleen 
in WT and CCR2-deficient C57BL/6 mice after intra-dermal infection 
Mice have been infected with 20 µL of a suspension containing 2x106 bacteria/rnL. At selected 
times post-infection, the footpads, draining lymph nodes and spleens have been harvested and 
plated on 2YT agar medium to assess the bacterial load (CFU) as described in Materials and 
Methods. Significant differences are denoted by asterisks: * p < 0.05, *** * p < 0.0001. n 
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Figure 34: Comparison of infected footpad ofWT and IFN-y deficient C57BL/6 mice 
Mice have been infected with 20 µL of a suspension containing 2xl06 bacteria/mL. The 
pictures (A.) have been taken at 14 days post-infection. The size of the lesion (B.) has been 
measured at selected times post-infection with the Vernier tool. Six mice by group have been 
used to measure the lesion at each time. d (day), n (number of footpadmeasured). 
3 Characterization of immune response fo llowing primary ID 
infection 
Results 
To characterize the type of T helper immune response involved in the control of primary 
infection, WT, IFN-yR-1-and IL-17RA-1-c57BL/6 mice have been ID infected. At 14 days post-
infection, IFN-yR-1- mice display a strong swelling and a necrotic aspect (figure 34 A.) . In 
contrast, footpad from WT and IL-17RA-1-(not shown) mice appear small and non necrotic . The 
size of the lesion has been measured for infected WT mice, control WT mice (uninfected) and 
IFN-yR-1-mice before the infection (0 day), 3 days, 7 days and 12 days p.i. (figure 34 B.). The 
peak of infection of WT mice is reached at 3 days, as already demonstrated. The size of the 
lesion oflFN-yR-deficient mice increases from the day of the infection to 7 days p.i. and is then 
stable around 4.9 mm. 
To evaluate the bacterial load in the different organs, lesions, draining lymph nodes and spleens 
have been harvested at 3 days, 7 days and 14 days p.i. (figure 35). In the lesion, although the 
bacterial load of the WT and IL-17RA-1-mice decreases with the time, the bacterial load oflFN-
yR-1-mice remains high and stable, with a bacterial load between 105 and 106 CFU/lesion. In the 
draining lymph node, the bacterial load of WT, IFN-yR+ and IL-1 7RA-1-mice is the same at 3 
days p.i .. At 7 and 14 days p.i., WT and IL-17RA_1_ mice present approximately the same 
number of CFU, but the CFU of IFN-yR-deficient mice increase of around one log. Finally, in 
the spleen, the number of detected bacteria is approximately the same between the three groups 
of mice during all the kinetic. 
Collectively, these results suggest that the IFN-y-mediated THl response, but not IL-17-
mediated TH 1 7 response, plays an important role in the control of the ID infection with 
Brucella. 
A possible pathway for the production oflFN-y is through the regulator T-bet, itself regulated 
by two possible routes: STAT-1 (via IL-27) and STAT-4 (via IL-12). To identify the pathway 
involved in IFN-y production in our model, WT mice and mice genetically deficient for ST AT-
1, IL-12p3 5 ( one of the two subunits of IL-12 cytokine) and T-bet have been infected. As 
previously, the representative images oflesions are showed (figure 36 A.) and the evolution of 
swelling of the infected footpad has been monitored (figure 36 B.). 
Following ID infection, IL-12p3S-1- and T-ber1-mice display a lesion close to WT mice. The 
size of lesion ofT-ber1- mice follows the lesion size of the WT mice until 3 days p.i. , but does 
not decrease after this time as observed in WT mice. In striking contrast, infected STAT-1-1-
mice present a high swelling (> 5 mm) and necrosis. Note that the size of the lesion of STAT-
1-1-mice has been measured for only two mice at later time because the other mice were dead 
during the experiment (see survival curve figure 38). Before dying, other mice presented the 
same lesion at the macroscopic level. 
To evaluate the ability of each group of mice to control Brucella infection, a CFU count has 
been realized at 14 days p.i. (figure 37) on lesion, draining lymph node and spleen. At this time, 
ST AT-1 -1- mice appear un.able to control bacterial growth in all tissues that were analyzed. 
Indeed, in lesion and the lymph node, the bacterial load is 3 log-higher than in WT mice. Note 
that the bacterial load has been evaluated with only the two survival mice for STAT-1-1-mice. 
Mice deficient for IL-12p35 have a number of CFU significantly higher than the WT mice in 
the lesion (*), draining lymph node (****) and the spleen (****). However, the significant 
difference between WT and IL-12p3S-1- mice increases less than 1 log in three organs. 
Concerning T-bet, its deficiency does not seem to impact the control ofbacteria. These results 
suggest that the production of IFN-y could be dependent of STAT-1 pathway, but independent 
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Figure 35: Kinetic of bacterial Joad in Iesion, draining lymph node and spleen in WT, 
IFN-yR- and IL-17RA- deficient C57BL/6 mice after intra-dermal infection 
Mice have been infected with 20 µLof a suspension containing 2xl 06 bacteria/mL. At selected 
times post-infection, the footpads, draining lymph nodes and spleens have been harvested and 
plated on 2 YT agar medium to assess the bacterial load (CFU) as described in Materials and 
Methods. Significant differences are denoted by asterisks: * p < 0.05, ** p < 0,01 , ** * p < 0,001 , 
**** p < 0.0001. n (number of organs), ns (non-significant), red bar: median, dotted line: 
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Figure 36: Comparison of infected footpad of WT, IFN-yR- and STAT-1-deficient 
C57BL/6 mice 
Mice have been infected with 20 µL of a suspension containing 2xl06 bacteria/mL. The 
pictures (A.) have been taken at 14 days post-infection. The size of the lesion (B.) has been 
measured at selected times post-infection with the Vernier tool. 11 WT, 9 T-bet-, 9 IL-12p35-
deficient rnice have been used to measure the lesion at each time. For the STAT-1 deficient 
mice, 12 rnice have been used at the early times (0 and 3 days), 10 mice at 7 days and 2 rnice 
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Figure 37: Variation of bacterial load at 14 days post-infection in lesions, draining lymph 
nodes and spleens in WT, STAT-1-, IL-12p35- and T-bet-deficient CS7BL/6 mice after 
intra-dermal infection 
Mice have been infected with 20 µLof a suspension containing 2x106 bacteria/mL. At 14 days 
post- infection, the footpads, draining lymph nodes and spleens have been harvested and 
plated on 2 YT agar medium to assess the bacterial load (CFU) as described in Materials and 
Methods. Significantdifferences are denoted by asterisks: * p < 0.05, ** p < 0.01, **** p < 
0.0001. 
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Figure 37: Survival curve of WT C57BL/6 mice and C57BL/6 deficient mice for IFN-
y, STAT-1, T-bet and IL-12p35 
Mice have been infected with 20 µLof a suspension containing 2xl 06 bacteria/mL. The 
survival of mice has been observed every day during 14 days. 100 % represents 11 mice for 
WT, 6 mice for IFN-y-1- mice, 9 mice for T-berl-, 9 mice for IL-1 2p3s-1- and 12 mice in the 
case of STAT-1 deficient mice. 
Results 
of T-bet. STAT-1-deficient mice have been tested in other experiments at other times and the 
same bacterial load at present every time. 
As highlighted above, some ST AT-1-1-mice died during this experiment. As a consequence, we 
have performed a survival curve with these groups of mice (figure 38). All WT or deficient 
mice survived during the 14 days, except the STAT-1-1- mice. Indeed, at 5 days p.i., 2 mice were 
dead. Six mice died after 8 days of infection and two other mice which were about to die have 
been sacrificed. To determine whether these mice died because of the infection with Brucella 
melitensis, or because they were more susceptible to the environmental conditions (humidity, 
other environmental pathogens, etc.), the survival can be tested by placing mice in two different 
cages, in the same environmental conditions and by infecting mice of only one cage. We do not 
have performed this experiment yet because STAT-1-1- mice are quite difficult to obtain. 
4 Identification of lymphocyte cells critically involved in the control 
of primary and secondary Brucella infection 
4.1 Primary immune response following ID infection 
In order to identify the T lymphocyte populations involved in the control of primary Brucella 
infection, WT and mice deficient for T cells subsets (CD3, y8TCR, apTCR, MHCII and TAPI) 
have been infected and the organs harvested at 3, 7, 14 and 28 days p.i. (figure 39). In the lesion, 
draining lymph node and spleen at 3 days p.i. , there was no significant increase of deficient 
mice bacterial load compared to the WT mice. At later times in lesion and draining lymph node, 
co3-1-, apTcR-1- and MHcn-1-mice showed a statistically higher CFU count when compared 
to WT mice, suggesting that CD4+ T cells are important to control Brucella growth. Finally, in 
the spleen, no particular T cells population seems indispensable at early times p.i. (3 and 7 days) 
as WT and deficient mice displayed sirnilar CFU levels. However, at later time (14 and 28 days 
p.i.), the apTCR T cells seemed as important as co3-1-. Indeed, the CFU ofthese deficient mice 
were more than 1 log higher than CFU of WT mice. The bacterial load in WT, TAPI -/- and 
MHcn-1-mice appear sirnilar, suggesting that in the spleen, apTCR T cells are indispensable 
but that CD4+ and CD8+ T cells can compensate the absence of each other. 
Conceming the role ofB cells in primary infection, ELISA tests to detect circulating antibodies 
specific to Brucella have been performed on sera from infected WT mice at different times p.i. 
(6, 13, 28 and 50 days) (figure 40). Mice have been infected via intra- peritoneal or intra-dermal 
mode. Each time has been tested to detect the presence of the following isotypes: IgGl, IgG2a, 
IgG3 and IgM. A first general observation is that the antibodies kinetic for ID and IP infection 
are very similar for each isotype. IgM antibodies are detected from 6 days p.i. and their amount 
increases to finally decreases at 28 days p.i .. IgGl, IgG2a13 and IgG3 are not detected before 
13 days p.i. but then are present in blood at least until 50 days p.i .. These experiments have 
been realized only once and must be thus reproduced but it suggests that IgM could be the 
antibody present at early times post-infection and could be replaced later by IgG 1, IgG2a and 
IgG3 . These results show that antibodies are produced and thus that the B cells are activated, 
but at this stage, we do not know if these antibodies are used to fight Brucella. A preliminary 
experiment ( data not shown) demonstrated thatMuMr1-mice ( deficient for B cells) display the 
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Figure 39: Variation of bacterial Joad with time in lesions, draining lymph nodes and 
spleens in WT, CD3-, apTCR-, yôTCR-, MHCII-, TAPl-deficient C57BL/6 mice after 
intra-dermal infection 
Mice have been infected with 20 µL of a suspension containing 2x 106 bacteria/rnL. At selected 
times post-infection (3, 7, 14, 28 days p.i.), the footpads, draining lymph nodes and spleens 
have been harvested and plated on 2 YT agar medium to assess the bacterial load (CFU) as 
described in Materials and Methods. Significant differences are denoted by asterisks: * p < 
0.05, ** p < 0.01, **** p < 0.0001. n (number of organ), ns (non-significant), red bar: median, 
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Figure 40: ELISA test on serum of WT C57BL/6 mice after intra-dermal or intra-
peritoneal mode of infection 
Six WT C57BL/6 mice have been ID infected with 20 µLof a suspension containing 2x106 
bacteria/mL. Six other WT C57BL/6 mice have been IP infected with 4x104 CFU of B. 
melitensis/500 µL. At selected times post-infection, sera have been collected and ELISA 
have been performed to detect isotype distribution of Brucella-specific antibodies. The data 
represent the O.D. (optical density) in function of time post-infection for the indicated 
antibody dilution. 
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Figure 41: Comparison of protective immunity in WT C57BL/6 mice immunized 
previously with live B. melitensis 
An infectious dose of 2x 106 B. melitensis 16M/mL for intra-dermal infection was used in 
this experiment. Approximately 20 µL of this suspension have been injected in the right 
footpad WT C57BL/6 mice. All mice were treated with antibiotics as described in the 
Materials and Methods and then challenged with 20 µL of an infectious dose (2x 106 
bacteria/mL) of mCherry-Brucellae melitensis 16M at both footpads. Mice have been 
sacrificed for lesion, draining lymph node and spleen harvesting at the selected times. The 
organs have been plated on 2 YT agar medium to assess the bacterial load (CFU) as described 
in Materials and Methods. Significant differences are denoted by asterisks. * p < 0.05, **** 
p < 0,0001. 
These results are representative of two independent experiments. d (days), n (number of 
organ), ns (non significant), dLN ( draining lymph node ), red bar: median, dotted line: 
threshold of detection of bacteria. 
Results 
same bacterial load than WT mice, suggesting that B cells may not be involved in the control 
of the bacteria. 
4.2 Secondary immune response following ID infection 
Previous results demonstrated that cellular immunity (T cells), mainly CD4+ T lymphocytes, 
but not humoral immunity (via B cells), plays a crucial role in the control of primary B. 
melitensis infection. 
In order to analyze the course of a secondary ID B. melitensis infection, WT rnice were infected 
a first time (Bruce/la melitensis 16 M) at the right footpad, treated with antibiotics 28 days p.i. 
to eliminate bacteria (see Material and Methods). These rnice were finally infected a second 
time (mCherry-Brucella melitensis 16 M) at both footpads, and are therefore called "immunized 
rnice". In parallel, naïve rnice, called "primary infected rnice" , have been infected only one time 
with mCherry-Brucella melitensis 16 Mat both footpads. At 7, 12 and 28 days p.i., lesions, 
draining lymph nodes and spleens from primary infected and immunized rnice have been 
harvested (figure 41) . No statistically difference is observed between the immunized (right) 
footpad and the control (left) footpad from immunized rnice, suggesting that the peripheral 
memory plays a negligible role in the control of infection. However, we can observe that there 
is a significant difference of 1 log between the footpad and dLN of primary infected rnice and 
the footpad and dLN of immunized rnice. Conceming the spleen, at 7 and 12 days p.i. , more 
than 83 % of spleens from immunized rnice do not display detectable bacteria compared to 
spleen from primary infected rnice that all display approximately 104 bacteria/spleen (7 and 12 
d. p.i.). Collectively, these results could suggest that infected WT rnice develop a protective 
memory immunity to efficiently control secondary infection. These results are representative of 
two independent experiments. 
In order to characterize the memory lymphoid cells involved in the control of Brucella during 
a second infection, a similar experiment has been performed with WT rnice and mice genetically 
deficient for CD3, y8TCR, cx,pTCR, TAPI, MHCII and MuMT. All groups of rnice have 
received the same treatment. As previously, a group of primary infected WT rnice has been used 
as an intemal control. On the figure 42, only the immunized footpad 14 are shown. As expected, 
immunized WT rnice control the infection better than primary infected WT. At the lesion level, 
immunized MuMTI-, CD3-1-, cx,pTcR-1- and MHcn-1- mice, but not TAP1-1- and y8TCR-1-mice, 
display reduced ability to control infection when compared to immunized WT rnice. These 
results suggest that protective immunity at lesion is mainly dependent of CD4+ T cells and B 
cells. In striking contrast, in the spleen, all deficient rnice at the exception of CD3-1- and MuMT 
/-mice appear able to control secondary infection like WT mice, suggesting that T cells and B 
cells are indispensable to control secondary infection but that yoTCR+ T cells and cx,pTCR+ T 
cells have an equal ability to control infection. 
Because we know that following an IP infection (but not after IN infection), circulating 
antibodies play a key role in the control of secondary Brucella infection, ELISA tests have been 
performed on sera from ID infected WT, cx,pTcR-1-, CD3-1- and MHcn-1- rnice at 67 days post-
infection (iust before the challenge 15) to detect the presence of Brucella specific antibodies 
(figure 43). 
14 Have undergone two injections. 
15 As a rerninder, the protective immune memory can be evaluated via a second 
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Figure 42: Comparison of protective immunity in C57BL/6 WT and deficient mice 
immunized previously with live B. melitensis 
An infectious dose of 2x106 B. melitensis 16M/mL for intra-dermal infection was used in this 
experiment. Approximately 20 µL of this suspension have been injected in the right footpad 
WT and deficient C57BL/6 mice. All rnice were treated with antibiotics as described in 
the Materials and Methods and then challenged with an infectious dose (2x106 bacteria/mL) 
of mCherry-Brucella melitensis 16M at both footpads. Mice have been sacrificed for lesion 
and spleen harvesting at 12 days post-infection. The organs have been plated on 2 YT agar 
medium to assess the bacterial load (CFU) as described in Materials and Methods. The 
primary WT mice have received only the firstinjection. 
Significant differences are denoted by asterisks. * p < 0.05, ** p < 0.01 , *** p < 0.001, **** 
p < 0,0001. These results are representative of two independentexperiments. 
n (number of organ), ns (non significant), red bar: median, dotted line: threshold of detection 
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Figure 43: ELISA test on serum of C57BL/6 WT and deficient mice before the challenge 
An infectious dose of 2xl 06 B. melitensis/mL for intra-dermal infection was used in this 
experiment. Approximately 20 µL of this suspension have been inj ected in the footpad of WT 
and CD3-, aPTCR-, MHCII-deficient C57BL/6 rnice. Six mice of each group have been used. 
Three days before the challenge, sera have been collected and ELISA have been performed to 
detect isotype distribution of Brucella-specific antibodies. The data represent the O.D. (optical 
density) in function of serial dilutions for the indicated antibody (IgM, IgG 1, IgG2a,IgG3). 
Results 
Each group of mice has been tested for the presence of IgM, IgG 1, IgG2a and IgG 3. The optical 
density is represented in function of serum dilutions. We observed that all mice deficient for T 
cells (CD3, aPTCR or MHCII) display a strong reduction oflgG2a and IgGl titer. Concerning 
IgM and IgG3, these isotypes seem still present in mice deficient for CD3, aPTCR and MHCII, 





In order to mimic the natural Brucella infection by direct contact between a skin lesion and 
infected tissue or fluid, we have developed an intra-dermal infectious mode! in C57BL/6 mice. 
We have analyzed the footpad - the primary skin lesion where B. melitensis is injected -, the 
popliteal draining lymph node, and finally the spleen. In this model, mice are infected with 
around 20 µLof a suspension containing 2xl 06 bacteria/rnL, equivalent to approximately 4xl 04 
CFU/rnice. However, based on CFU detected at early time p.i. in lesion, the infectious dose 
seems doser to 5x103 CFU/mice. This difference could be due to the drop thatjust cornes out 
after the infection, the direct entry of some bacteria in the blood, or due to the fact that all 
bacteria are not released after the grinding of the lesion. The main objectives of this master 
thesis were (i) the characterization of the course of the intra-dermal (ID) infection in WT 
C57BL/6, (ii) the identification of the infected cells in the lesion and in the draining lymph 
node, (iii) the identification of the immune response after intra-dermal infection and (iv) the 
identification of cells involved in the control of Brucella melitensis after a primary and a 
secondary ID infection. 
1 Characterization of WT C57BL/6 mice after intra-dermal infection 
We have first tried to characterize the course of bacteria in wild type mice. After an ID infection 
in the footpad, the bacterial load between 2 hours and 72 days p.i. increases more than 1 log to 
finally reach a peak of around 5x104 bacteria in the lesion. This result suggests a high rate of 
division of bacteria at early times p.i., which is not observed in pulmonary tissue after intra-
nasal (IN) infection. Indeed, the bacterial load in lung between 2 hours and 72 hours p.i. reaches 
a plateau phase corresponding to the infectious dose. However, microscopy observations of 
infected lung showed that the number of bacteria by cell increases between 2 hours and 72 hours 
p.i.. That could suggest that a large fraction of infected cells controls the infection or are 
eliminated. This phenomenon leads to the conclusion that the lung develops an efficient immune 
response quite early after the infection. In the footpad lesion, the number of bacteria by cells 
between 2 and 72 hours p.i. increases and the growing number of CFU detected suggests that 
the skin presents a less efficient response in the early days of infection. 
Previous studies have demonstrated that in the IP and IN models, the infected cells are mainly 
myeloid phagocytic cells. Indeed, after IP infection, the first infected cells in the spleen are 
likely the red pulp and marginal zone macrophages (R. Copin et al., 2007). In the IN model, the 
alveolar macrophages are the main infected cells at 24 hours p.i. (Archambaux, 2010), but it 
could be possible that neutrophils are also infected later in the lung. In the footpad lesion, an 
important recruitment of neutrophils ( detected by Ly-6G staining) is observable at 3 days p.i., 
and a weak frequency of infected cells display a Ly-6G-positive staining. Surprisingly, infected 
cells expressing the MHCII and CDl lc markers are seldom observed, suggesting that infected 
cells are neither MHCII high expressing-myeloid cells (MHCII+) nor dendritic cells (CDl lc+ 
MHCII+). However, an explanation could be that Brucella is known to reduce the expression of 
MHCII (Barrionuevo P. et al., 2007), preventing us to detect the MHCII- expressing 
macrophages with the MHCII marker. In the future, other makers could be used to identify the 
infected cells such as CDl lb and F4/80 macrophage markers. 
In the draining lymph nodes, due to the very low CFU level observed at 2 hours and 1 days, 
infected cells are only detectable from 3 days p.i .. These cells are rarely Ly-6G+ but 50 % of 
infected cells appear to be CDl lc+ cells (dendritic cells) and 50 % MHCII+ (MHCII expressing 
SS 
Discussion 
cells ), suggesting that the infected dendritic cells could migrate from lesion to draining lymph 
node and help to the dissemination of the bacteria. Other markers could be used as for the lesion, 
as the antibody specific ofB cells such as B220/CD45R. Indeed, it has been shown that Bruce/la 
is able to infect these cells (R. Goenka et al., 2012). 
It is important to note that the counting of inf ected cells in lesion and draining lymph node is 
based on the overlap of mCherry signal expressed by bacteria and the cell surface marker. As 
our frozen tissue sections are 5 µm thick, it is possible that some bacteria are not really inside 
the cells, but just in overlapping with cells. In this case, the percentage of positive infected cells 
should be lowered. To be sure that bacteria are inside the cell, the visualization and the counting 
of infected cells of the stained lesions and draining lymph nodes must be confirmed by confocal 
rnicroscopy analysis. 
Preliminary histological and flow cytometric data show that monocytes are also already 
recruited at 3 and 7 days p.i. in the footpad lesion. These time points correspond to the start of 
the decrease of the bacterial load in the lesion and the decrease of the swelling of the footpad. 
Because we know that a population of monocyte is CCR2-positive (C-C chemokine receptor 
type 2) and that this cytokine allows the infiltration of monocytes from bone marrow to blood 
(C. Shi and E.G. Pamer, 2011), we have compared the ability ofWT and CcR2-1-rnice to control 
ID Brucella infection. In absence of CCR2, the recruitrnent of monocytes and the decrease of 
bacterial load give a delayed pattern compared to the WT rnice, confirming the role of CCR2 
in the recruitment of monocytes and suggesting a direct role of monocytes in the control of 
bacteria. 
Following ID infection, Brucella is already detected in the spleen at 2 hours p.i., suggesting a 
rapid dissernination of bacteria via the blood. We know from previous works that Brucella is 
present in the blood after an IP (M.-A. Vitry et al. , 2014) but not after an IN infection, in which 
bacteria in vade the spleen only 1 week p.i. (D. Hanot Mambres et al. , in reviewing). In order to 
confirrn the presence of bacteria in blood, the bacterial load in the blood has been studied. As 
expected, we have detected Brucella in the blood after IP, but also after ID infection. CFU level 
is approximately 10-fold lower after an ID infection than through an IP infection. This 
difference of CFU could be due to the different dose received by rnice. Indeed, 4xl 04 bacteria 
are injected in IP whereas about 5xl 03 CFU are injected in ID (CFU in the lesion at 2 hours 
p.i.). The detection of bacteria in the blood after two hours p.i. could suggest a destruction of 
tissue due to the injection of 20 µLin the skin, as the increase of the thick of the dermis suggest 
it, and so a direct contact with blood. 
In the intra-peritoneal mode of infection, it has been shown that B. melitensis invades the 
erythrocytes in vivo but do not replicate inside (M.-A. Vitry et al. , 2014), suggesting that it 
could be the same for the ID model, although other experiments need to be performed to confirm 
this issue. Finding Brucella in blood cells from 3 hours p.i. gives support to the idea of an 
intracellular protection, preventing therefore the antibodies to detect the bacteria. 
We will discuss about the role of the antibodies hereafter. 
2 Characterization of immune response following primary ID 
infection 
Brucella is an intracellular pathogen. Classically, the response to fight this type of pathogen is 
dorninated by IFN-y-mediated THl response. Study of the Brucella IP infectious model has 
confirmed this vision (R. Copin et al., 2007). However, following IN infection, the lung has 
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been shown to control the bacterial population via both T 1-1 l - and TH 1 7-mediated immune 
responses. In addition, y8TCR+ T cells seem to play an important role in the early control of 
bacterial growth in lung (D. Hanot Mambres et al. , in reviewing). To identify the sub-class of 
T helper controlling Brucella growth following ID infection, we have compared the course of 
infection in rnice deficient for IFN-yR, the receptor of the main cytokine produced during a Tttl 
response, and for IL-1 7RA, the receptor of IL-17 A, an interleukin produced during a TH 1 7 
response. Our results suggest that a deficiency in IFN-yR has a huge impact on the bacterial 
load present in lesion at 3, 7 and 14 days p.i., in the draining lymph node at 7 and 14 days p.i., 
and in the spleen at 7 days p.i .. On the contrary, the deficiency in IL-1 7RA does not seem to 
have a significant impact on the control of bacteria. This experiment must be reproduced to 
confirm that IL-17RA has indeed no impact to control bacteria. The images of the lesion at 14 
days p.i. show the importance of IFN-y. Indeed, IFN-y could be a modulator of hematopoiesis, 
and without IFN-y, the precursors could be differentiated into neutrophils and not into 
monocytes (MacNamara et al., 2011). In agreement with this, in the lesion ofIFN-yR-1-rnice, a 
recruitment of neutrophils was observed (A. Lison's master thesis), that could correlate with 
the necrosis observed at the lesion site. Collectively, these results suggest an important role of 
IFN-y in the activation and recruitment of monocytes, confirming the data of A. Lison's master 
thesis. 
We were also interested at identifying the signalling pathway leading to IFN-y production. 
Possible pathways are via IL-27/STAT-1/T-bet or IL-12/STAT-4/T-bet, leading us to compare 
the course of infection in WT, STAT-1-1-, T-ber1-and IL-12p35-1-mice. Our results show a very 
important impact on CFU and survival when rnice are deficient for STAT-1 , suggesting that the 
production of the protecting-IFN-y could be STAT-1-dependent. Concerning the T-bet 
pathway, several experiments suggest that it is not the main way leading to IFN-y production. 
As far as IL-12p35 is concerned, the experiment has been made at a unique time point. We 
observed an increase of CFU of less than 1 log, but other experiments must be performed to 
improve our conclusions about the IL-12/STAT-4/T-bet pathway. Surprisingly, the production 
of IFN-y could bypass T-bet. However, it could be possible that IFN-y promoter is directly 
activated by STAT-1, without the implication ofT-bet (Y. Sun et al., 2010). This could explain 
why the STAT-1 deficiency is the only deficiency to have a huge impact on the bacterial load. 
Flow cytometric analysis must be performed on cells from deficient rnice in order to confirm 
the involvement of each pathway on IFN-y production. 
3 Identification of lymphocyte cells critically involved in the control 
of primary and secondary Brucella infection 
3.1 Primary immune response following ID infection 
Primary response against Brucella has been analyzed in details by nurnerous research groups in 
IP model: the role of CD4+ T cells appears indispensable to control infection, via the production 
of IFN-y and thus the induction of iNOS production by the infected cells. CD8+ T cells and B 
cells (M.-A. Vitry et al. , 2012) do not seem to play a crucial role to fight against Brucella in the 
spleen. Indeed, the deficient rnice for TAPl and MuMT present the same bacterial load than 
WT rnice. y8TCR-1- rnice display an enhanced susceptibility at one week post-infection (JA. 
Skyberg et al., 2011). In the IN model, the T1-1l 7 response associated with y8TCR+T cells seem 
to play an important role in the early control (5 days p.i.) of lung infection. Later, the control 
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of infection in lung, spleen and liver is mediated by THl response, via CD4+ T cells and the 
production of IFN-y. As in the IP model, B cells do not seem indispensable to control IN 
infection. 
In our ID infectious model, although CD8+ T cells seem to help to the response in the lesion at 
14 days p.i., CD4+ T cells appear indispensable to control Brucella growth in footpad lesion and 
draining lymph node. In the spleen, CD4+ T cells and CD8+ T cells seem both able to compensate 
each other to control bacteria at later times p.i .. On the contrary, yoTCR+ T cells appear 
dispensable for the response against Brucella. Indeed, in the three organs, we observed a 
statistically significant difference of bacterial load between CD3-1- and apTcR-1- mice. This 
could suggest that another CD3+ T lymphocyte population could be involved in the control of 
primary response when apTCR+ T cells are not present. This population could be the yoTCR+ 
T cells. Skin constitutes a particular environment that is characterized by specialized cell 
populations such as Langerhans cells or dendritic epidermal T cells (DETC) expressing yoTCR+ 
on their surface (Sumaria N. et al., 2011). In naïve wild type mice, DETC are the major T cell 
populations present in the basal layer of epidermis and represent 50 % of dermal T cells. During 
Staphylococcus aureus infection, it has been shown that these cells secrete chemokines that 
allow neutrophils recruitment (MacLeod A. S. et Havran W; L, 2011) and cytokines such as 
IFN-y or TNF-a (Vantourout P. and Hayday A. , 2013). In Leishmania major cutaneous 
infectious model, an increase of20-30 % ofyoTCR+T cells has been described during infection 
(Nylen et al. , 2012), suggesting an active role of this T cells subpopulation. 
The fact that DETC population is found in mice, but not in humans or sheep/goat, can be a 
limitation of this model. Indeed, if a particular response against Brucella is mediated by DETC 
in mice, it will not be possible to extrapolate this response to goat and sheep cases. The study 
could be realized with the specific host but for practical and management reasons, mice stay the 
most usedmodel. 
In the primary infection, preliminary data suggest also that B cells do not play a role in the 
control of ID infection, despite the fact that Brucella-specific antibodies are detected in the 
blood ofmice from 6 days p.i. (lgM) to 50 days p.i.(IgG). 
3.2 Secondary immune response following ID infection 
Concerning the secondary response in the IP model, both humoral and cellular immunities are 
indispensable. Indeed, MuMr1- and CD4 T cells-1- mice do not develop a protective immune 
memory. After IN infection, the CD3-I- mice and the a,p TCR-1-mice are not protected against 
secondary infection, suggesting that both CD8+ and CD4+ T cells established a memory 
immunity and compensate each other. 
In the ID model, an interesting result is about the absence of significant difference between the 
control footpad from immunized mice and the irnmunized footpad from irnmunized mice. This 
result suggests that there is an absence of local control (peripheral memory) at the footpad. 
However, a significant difference (1 log) is observed between the CFU level detected in the 
lesion and draining lymph node from primary infected mice and in the lesion and draining 
lymph node from immunized mice, suggesting that these latter have indeed acquired a 
protective memory. Following challenge, the CFU in the spleen from immunized mice display 
a 4 log reduction when compared to control mice. Two hypotheses are possible: (i) bacteria are 
not present in the spleen because they are eliminated in blood by specific antibodies before 
getting in the spleen or (ii) the spleen displays a very active immunity and locally eliminates 
the bacteria during a second infection. To test these hypotheses, we could realize a flow 
cytometric analysis on spleen to try to detect IFN-y production. lts detection could suggest 
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r _J_ Intra-dermal ----, Mice Intra-peritoneal Intra-nasal 
--
WT R R R -
cD3-1- / s s 
y8TCR-1- / 1 R R 
apTcR-1- / s R 
CD4-1- s 1 R R 
CDS-1- / R R 
MuMr1- s R s 
-
Table 6: WT and different deficient mice and their ability to control bacteria during a 
secondary infection in the IP, IN and ID models 
Comparison of the different rnice models of infection in their response to the secondary 
infection. In IP, CD4 T cells and B cells seem important, in the IN model, apTCR T cells (CD4 
and CDS T cells) seem playing arole in the control of secondary infection and compensate each 
other. Finally, in the ID model, CD3 T cells (aPTCR and y8TCR) and B cells seem 
indispensable. 
R (resistant), S (sensible), in green: cell populations playing arole in the secondary infection. 
Intra-peritoneal Intra-nasal lntra-dermal 
THl (role of CD4+ T THl 7 (role ofIL-17 In the lesion and the 
cells with IL-12 and and y8TCR+ - 5 dLN: CD4+ T cells. 
IFN-y) days p.i.) and then In the spleen: 
Primary immune THl (role of CD4+ a~TCR+ T cells 
response T cells with IL-12 (CD4+ and CDS+ T 
B cells not involved 
andIFN-y) cells) 
B cells not involved B cells not involved 
Blood infection? Yes, from 10 No detected Y es, at least from 2 
minutes hours 
CD4 + T cells and a~TCR + T cells In the lesion: CD4+ 
B cells (CD4+ and CDS+ T T cells and B cells 
Secondary immune cells) Compensation In the spleen: CD3+ 
response of THl and THl 7 T cells (y8TCR+ and 
responses a~TCR+T cells); 
and B cells 
Table 7: Comparison of intra-peritoneal, intra-nasal and intra-dermal models 
Comparison of the primary immune response, infection of the blood and secondary immune 
response for the intra-peritoneal, intra-nasal and intra-dermal models. 
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an active response in the spleen during secondary infection. 
Among lymphocytes deficient rnice, only the cn3-1-and MuMr1-mice appear unable to control 
the challenge in the spleen. These data suggest that all apTCR+ (CD4+ and CD8+ T cells) and 
y8TCR+ memory cells play a redundant role and could compensate each other when a 
population is absent. The table 6 surnmarizes the response of the three models of infection 
during a secondary response and demonstrates the importance of the infection route to study 
the memory response against Bruce lia infection. 
It seems that antibodies play a crucial role in the models where bacteria invade massively the 
blood, as it is the case for the IP and ID models. In IN mode!, bacteria probably use the blood 
as an invasive road in small amounts and the cellular immunity is probably sufficient to fight 
bacteria. On the contrary, when bacteria pass rapidly in blood after IP and ID infection, the 
cellular immunity could be saturated and insufficient to control infection in absence of humoral 
immunity. We have analyzed by ELISA the sera from WT, cn3-1-, MHcn-1-and apTcR-1-rnice 
harvested just before the challenge to detect the presence of Brucella-specifi.c antibodies. We 
observe that IgG 1 and IgG2a isotypes are completely absent when mice are deficient for CD4+ 
TCRap+ T cells. This result is no surprising since it is known that the production of these 
antibodies are mainly thymo-dependent. At the opposite, mice deficient for CD3, MHCII and 
apTCR lose partially IgM and IgG3 isotypes, as expected by their production that is partially 
independent of T cells. These results suggest that the use of T cells deficient rnice will lead to 
a partial deficiency for some antibodies which are produced in a T-dependent manner. That 
suggests that when rnice do not control the infection, this may be due to T cells deficiency, but 
also due to the B cells deficiency. 
AU together, our data perrnits to conclude that both humoral and cellular immunities are 
required for the control of the secondary infection. 
The table 7 compares the intra-peritoneal and intra-nasal models, completed by the data that 





Conclusion and perspectives 
CONCLUSION 
In this master thesis, we have observed that following ID inoculation in the footpad of C57BL/6 
mice, B. melitensis bacteria actively replicate in the dermis. At 72 hours p.i., the peak: of 
swelling and of bacterial load is reached in the primary lesion. We are notable to identify the 
precise phenotype of the main infected cell populations in lesion. Indeed, only a weak: fraction 
of infected cells seems to be neutrophils (Ly-6G+), mature monocytes (MHC-II+) or dendritic 
cells (CDI 1c+MHCII+). In contrast, in the draining lymph node, 50 % of infected cells appear 
to be MHCir+ CDI lc+ cells, suggesting that these cells could be dendritic cells. 
The control of ID Brucella infection seems mainly dependent of the IFN-y-mediated THl 
response due to our observation that the deficiency of IFN-yR leads to uncontrolled bacterial 
growth and formation of necrotic lesion. IFN-y appears to be produced in a STAT-1-dependent 
way but in a T-bet independent way. Indeed, only STAT-1 deficiency induces a phenotype 
similar to IFN-yRdeficiency. 
In the primary infection, as demonstrated by the comparison of mice deficient for lymphocytes 
subsets, CD4+ T cells seem to be the main lymphocyte population involved in the control of 
Brucella melitensis in lesion and the draining lymph node. In the spleen, CD4+ T cells and CD8+ 
T cells could compensate each other to control the infection. Despite the detection of Brucella 
specific antibodies, B cells do not seem to play an indispensable role during the primary 
infection in lesion, draining lymph node and spleen. In striking contrast, in a secondary 
infection, B cells appear indispensable to control Brucella in the lesion and in the spleen. In this 
last organ, we observed that both a~TCR+ T cells and y8TCR+ T cells can able to eliminate 
Brucella. 
PE RSPECTIVES 
Reproduction of the experiments performed once 
The first perspectives should be to reproduce the experiments that we have been realized only 
one time, for example the ELISA tests or the stainings of dLN. Indeed, due to the low number 
of collected images, we cannot conclude that our countings are representative of all infected 
cells in popliteal lymph node. MuMT deficient mice must also be tested a second time. 
Further analysis of the phenotype of infected cells with other cell specific markers 
The staining with the F4/80 marker must be performed in lesion in order to verify if the infected 
cells are monocyte/macrophages with a weak: expression of MHCII. In addition, an anal y sis with 
the confocal microscopy could allow to confirm that stained cells are really infected or if it is 
just an overlap between stained cells and Brucella. In the dLN, a staining for B cells could be 
tested. 
Identification of the cellular source ofIFN-y 
Other perspectives for our work include the investigation of specific sources of IFN-y in skin 
and dLN by flow cytometric analysis and specific IFN-y intracellular staining. Indeed, previous 
data from the A. Lison' s master the sis suggest that N atural killers (NK) are the primary source of 
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IFN-y secretion in dLN ofwild type mice, this function being then taken over by T populations 
(CD4+ T cells mainly) . Identification of IFN-y origin in skin would help us to unravel the role 
of T cells populations in the control of Brucella growth. Flow cytometric analysis would be 
completed by a fluorescent microscopie analysis of skin tissue in order to characterize the 
location and the phenotype ofIFN-y-producing T cells and infectedcells. 
Investigation about NO, an effector mechanism of THl response 
IFN-y is well known to induce the iNOS enzyme that produces NO. This latter is known to be 
one of the main effector mechanism of the TH 1 response. It could be interesting to study the 
impact of the iNOS deficiency during ID Brucella infection. 
Further investigation of the T cells populations involved in the control of Brucella 
infection 
We found a significant difference in the CFU level between cn3-t-and apTCR_,_ mice after a 
primary infection in three organs, suggesting that y8TCR+ T cells could cooperate with a,8fCR+ 
T cells to control bacterial growth. After a second infection, a,8fCR+ T cells and y8TCR+ T 
cells could also to compensate each other. In order to test these hypotheses, we plan to develop 
double deficient mice for both aPTCR+ and y8TCR+ T cells by breeding and to subsequently 
test whether these mice display a susceptibility similar to cn3-1-mice in the :first infection and 
to observe if these double deficient mice are susceptible during the secondary infection. If it is 
the case, that would confirm the compensations between both populations during the secondary 
infection. 
Development of other cutaneous mice model? 
The last perspective could be the development of a model of infection in the ear of mice. The 
goal would be to induce a slight wound in the skin of the outer ear, and drop off a "drop" 
containing Brucella melitensis. This model could have several advantages such as the mode of 
infection that would be more physiological. Indeed, the deposition of a drop on a skin lesion 
would allow to understand how Brucella spreads and enters in the body. In our current model, 
the dissemination is distorted by the injection with a needle. Then, because the skin of the outer 
ear is very thin, we could follow in real time the cell cycle of the bacteria ( cell multiplication 
and infection) and local cellular recruitment of immune cells by placing the anesthetized 
infected mice under a fluorescent inverted microscope. This technique is called "Intra-vital" 
microscopy and has been applied with success to the study of several experimental models of 
infection. In addition, this model has ethical bene:fits because the outer skin of the ear can be 
studied without discomfort to the animal and it will not be necessary to euthanizeanimals. 
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MATERIALS AND M ETHODS 
1 Materials 
1.1 Bacterial strain 
The strain of Brucella used in our experiment is Brucella melitensis 16 M (biotype 1, A TCC 
23456). This smooth strain is naturally resistant to nalidixic acid (NalR). Based on this B. 
melitensis 16M strain, a genetically modified strain was engineered to constitutively express a 
red fluorescent protein (mCherry). This mCherry strain is used during in vitro and in vivo 
infections for visualization of the bacteria by fluorescence microscopy (R. Copin et al. , 2012). 
This second strain is both resistant to kanamycin (KanR) and to nalidixic acid (NalR). B. 
melitensis isstored at -80 °C in 30 % glycerol solution. 
1.2 Mice of experiments 
During our experiments, the mice used are wild type (WT) C57BL/6 mice and immune-deficient 
mice C-I-) for CD3, a~TCR, y8TCR, TAPI, MHCII, MuMT, IFN-yR, CCR2-, STAT-1, T-bet, 
IL-17RA and IL-12p3 5. 
cn3-1- are mice devoid of all T lymphocytes; 
apTCR-1- are mice deficient for T cells with a T Cell Receptor (TCR) composed of an alpha 
and a beta chains (95 % of cases); 
yôTCR-1- are mice deficient for T cells with a TCR composed of a gamma and delta chains (5 
% of cases); 
MHCn-1- are mice unable to present peptides and to select CD4+ T cells differentiation, these 
mice are thus devoid of CD4+ T cells; 
T AP1-1- are mice unable to load peptides in the MHCI of antigen-presenting cells (APC) and to 
select CD8+ T cells differentiation, these mice are thus devoid of CD8+ T cells; 
MuMT-1- are mice devoid of all B lymphocytes; 
STAT-1-1- are mice deficient for STAT-1, activated by IL-27 to produce IFN-y. These mice 
cannot produce IFN-y by this pathway; 
Il-12p3s-1- are mice deficient for the IL-12p35 subunit ofIL-12 cytokine and are thus unable to 
produce IFN-y by the STAT-4 pathway; 
T-bet-1- are mice deficient for T-bet, a transcription factor that controls the expression ofIFN-
y. These mice are unable to produce IFN-y by this pathway; 
IFN-yR1- are mice deficient for the receptor ofIFN-y present at the surface of infected cells and 
that is involved in the induction of effector mechanisms and the activation of monocytes. Mice 
deficient for this receptor are unable to induce effector mechanism such as iNOS to fight 
Brucella; 
IL-17RA-1- are mice deficient for the receptor of IL-17, a cytokine released by a THl 7 response. 
These mice have thus a failure in the TH 1 7 response; 
CCR2-1- are mice deficient for this receptor and attract monocytes with delay time. 
Sorne of deficient mice have been tested by flow cytometry (see Appendix). 
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1.3 Ethics statements 
Mice are aged from 6 to 12 weeks at the time of infection. At least 8 mice per condition were 
used for statistical relevance. The breeding of these different mice is performed at the IBMM 
(Institut de Biologie et Médecine Moléculaires), which is a conventional animal facility 
attached to the ULB (Université Libre de Bruxelles). This breeding is in accordance with the 
ethic' s mies of ULB and respects the European legislation (directive 86/609/EEC) and the 
Belgian law (Royal Decree on the Protection of Experimental Animais of 6th April 2010). The 
complete protocol has been approved by the Animal Welfare Committee of the University of 
Namur (Belgium). 
1.4 Medium, products and solutions 




Liquid LB Mix15 ! 20 g/L 
Y east Extract 
1 
5 g/L 
Casein hydrolyzate (peptone) i 6 g/L 
Agar (for solid medium only) 1 1 g/L 
These powders are mixed in a stock from which 44 gare taken to be dissolved in 1 Lof bi-
distilled water to prepare the 2 YT agar medium. The medium is sterilized by autoclave (20 
minutes at 121 °C) before using. 
Kanamycin can be added to the medium to prevent contaminations. 
1.4.2 PBS XlO (Phosphate Buffer Saline) 
Composition Concentration 
NaCl 80 g/L 
KCl 2 g/L 
Na2HPO4 1 11.5 g/L 
KH2PO4 1 2.4 g/L -
These components are dissolved in bi-distillated water under agitation. Adjust the pH to 7-
7.4 and store at room temperature (RT). 
1.4.3 PBS-Triton-Xl00: solution to lysecells 
PBSXl 
Triton-XI 00 
Corn osition Quantity 
500 rnL 
500 µL 
Watch out for the viscosity of the Triton. This solution is used to lyse cells in order to have 
access to their content. lt is notably used to evaluate the bacterial load. This solution has to be 
autoclaved before using and store at R T. 
15 Liquid LB Mix is composed of peptone (lüg/L), Yeast Extract (5g/L) and sodium 
chloride (5g/L) 
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BSA (Bovin Serum Alburnin) 
NaN3 
An agitation during 30 minutes allows a complete dissolution. 
This solution must not be autoclaved. 
500mL 
2 g/L (0.5 %) 
0.2 g/L (0.02 %) 
1.4.5 Sucrose solution (20 % ): used to dehydrate organs before freezing 
Composition 1 Quantity 
PBS IX l00mL 
Sucrose (saccharose) 1 20 g 
1.4.6 Blocking solution 




Blocking reagent 1 0.5 g 
This solution is airned to block the aspecific sites during the stainings for histology. Heat and 
stir thoroughly for complete dissolution, then adjust pH to 7-7.4. Conserved at 4 °C for 
maximum 10 days. 
1.4.7 Paraformaldehyde (PFA- 4%) 
- Add 4 g of paraformaldehyde to 50 mL ofbi-distilled H2O, underagitation 
Heat the solution at 70 °C 
Adda few drops ofNaOH (1 M) to facilitate the complete dissolution 
The solution is cooled on ice 
- Add 10 mL of PBS l0X 
- Adjust the pH of solution between 7-7.4 
Add water to a final volume of 100 mL 
The solution is filtrated through pores of 0.22 µM 
The solution is aliquoted in 15 mL-tubes (Falcon) 
Conserve the Falcon at -20 °C 
The concentration of PF A depends on the experiment: 1 % to fix cells during a flow cytometric 
analysis, 2 % to fix organs before freezing inhistology. 
Be careful: PF A is a toxic compound and it is important to handle it under a chemical hood, 
with gloves and mask. 
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DNase 100 µL 
Collagenase 1 mL 
The collagenase D is a powder and needs to be resuspended in RPMI. The volume of RPMI to 
add is calculated in function of enzymatic activity (noted on the bottle). The solution is filtered 
and aliquoted in 1 mL-Eppendorfs and conserved at -20 °C. 
l(Act. x 750 mL x 500 mg)/ 4000 mg= volume(mL)I 
The DNase is also in the state of a powder and is resuspended in NaCl (0.15 M) to reach a final 
solution of 10 mg/mL. The solution is aliquoted in 1 mL-Eppendorfs and conserved at - 20 °C. 
1.4.9 Products references 
Product Use Firm References 
Mix LB liquid Culture medium (see Luria Bertani 1 22700-041 
above) 
DNase I DNA degradation Sigma D45131VL 
Collagenase Collagen degradation Roche Applied 11088866001 
Science 
2.4G2 Fe receptor ofrat anti- BD Pharmingen 553142 
mouse 
Permwash (saponin- Permeabilization of cell BD Biosciences 51-2091KZ 
based buffer) membranes 
RPMI 1640 Medium Life Technologies 52400-025 
Laboratories 
Tissue-Tek OCT Freezing medium Sakura 1119300006 
1 
(Optimal Cutting 1 
1 1 1 
T emperature) 
Blocking reagent Block the aspecific sites Boeringer 11096176001 
during stainings 
TritonXl00 Lyse cells Sigma-Aldrich UN3082 
Fluoro-Gel medium Cover-slides for Electron microscopy 1785-10 
histology Sciences 
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2 Methods 
2.1 Brucella melitensis strain streaking 
One week prior the infection of rnice, the strain is taken from the stock solution 
conserved at - 80 °C and is streaked on 2 YT agar medium plate 
The plate is incubated at 3 7 °C for 5-6 days 
2.2 Liquid culture 
Twenty hours before the infection, a liquid culture is prepared (10 mL of liquid 2 YT 
medium) from a 2 YT plate of B. melitensis to reach an optical density OD6oonm equal to 
1 (= 3.109 bacteria/mL). At this absorbance, Brucella are at the end of the exponential 
growth phase 
A liquid medium will be the control (withoutbacteria) 
The liquid culture and the control are incubated overnight at 3 7 °C under agitation 
2.3 Preparation of infectious dose 
The day of infection, measure the optical density OD6oo nm- The liquid medium without 
bacteria is considered as the blank 
Wash 2 times the liquid culture with RPMI (10 mL): 10 minutes at 3,500 rpm, 4 °C 
After the second wash, add 10 mL ofRPMI, resuspend and measure at OD6oonm 
The dilution factor is calculated to establish the desired infectious dose (2xl06 
bacteria/mL for intra-dermal infection). A OD6oo nm equal to 1 would correspond to 
3x109 bacteria/mL. The dilution factor and the arnount ofbacterial suspension to add to 
RPMI are calculated through the followingequations: 
(OD x 3.109) / (dose wanted/mL) = 
D Vtot/D =Vbs 
V tot = Vbs + VRP MI 
D: dilution factor 
Vtot: total volume 
Ybs: volume ofbacterial solution 
VRPMI: Volume ofRPMI 
A control of the infectious dose is realized by plating serial dilutions of the inoculum 
on 2 YT agar medium 
2.4 Infection of mice 
Mice are infected by injection of approximatively 20 µLo f the prepared infectious dose (2xl06 
bacteria/mL) at the foodpad. The swelling confirms the injection of suspension. 
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node is in 
this zone 
The popliteal lymph node is found at the back of the lower limbs (in the knee gap). It is 
between the semi-membranous, biceps femoris and gastrocnemius muscles. 
Materials and methods 
2.5 Euthanasia of mice and dissection 
Mice are euthanized by cervical dislocation at different tirnespost-infection; 
Before dissection, disinfect the tools used (scalpel, scissors and pliers of dissection) by 
alcohol 70 % 
Mice are immersed in alcohol 70 % for sterilization 
Here, the organs harvested are: the lesion (the foodpad), the popliteal lymph node 
( draining lymph node) and the spleen. 
For the lesion, take the mouse by the foot 
With the scalpel, eut through the footpad ( at the base), parallel to the footpad, and pull 
up the incision until the fingers 
The popliteal lymph node is placed at the back of the lower limbs (in the knee gap). It 
is between the serni-membranous, biceps femoris and gastrocnemius muscles (figure 
44) 
Cut and separate the skin behind the knee and remove the ganglion usingpliers 
Finally, to harvest the spleen, place the mouse on the right side, the spleen being on the 
left one. Cut the skin and the peritoneum with scissors and take the spleen with tweezers 
These different organs can be used for: 
• evaluation of the bacterial load in different organs by CFU (seebelow) 
• flow cytometric analysis to analyze and characterize the immune cells populations 
• immunofluorescence rnicroscopy to characterize the infected cells and the recruitment 
ofcells 
• etc. 
2.6 Evaluation of bacterial Joad (colony formingunits) 
2.6.1 Principle 
The evaluation of the colony forming units (CFU) is aimed to deterrnine the number ofbacteria 
alive presents in an infected organ. This technique is based on the number of bacteria able to 
forma new colony at different times post-infection, in differentorgans. 
2.6.2 Method 
The different organs (lesion, popliteal lymph node and spleen) are harvested (see 2.5) 
Place the different organs in a sterile plastic bag 
Grind the organsin the plastic bag (with the plug of a 50 mL-Falcon) 
Suspend and homogenize it in 1 mL of PBS/0.1 % TritonXl00 
Serial dilutions are realized if necessary in RPMI to get a countablenumber 
Plate 100 µL of the suspension on 2 YT agar medium 
Incube the plate five days at 37 °C before counting theCFU 
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Marker Canal Dilution Firm 
DAPI Alexa Fluo 355 1/1000 Sigma-Aldrich 
Phalloidin Alexa Fluor 488 1/100 Invitrogen 
Anti-CDl lc Alexa Fluor 1 /200 eBiosciences 
647 (APC) 
Anti-MHCII Alexa Fluor 1/200 eBiosciences 
647 (APC) 
GRl (anti-Ly-6G) Alexa Fluor 1/200 eBiosciences 
647 (APC) 
Table 8: Table of markers and theircharacteristics 
Table of the different markers used during the immunohistofluorescence, their canal, the 
dilution used and the firm providing the specific marker. 
Materials and methods 
2.7 Preparation of tissues for analysis by immunohistology 
2. 7 .1 Principle 
Imrnunohistology is a method used to visualize different markers of the tissues, or types of cells 
via stainings. The method is composed of 3 stages: 
• Freezing 
• Section realization 
• Stainings 
2. 7 .2 Method 
FREEZING 
Take the different organs (see 2.5) 
- Fix the organsin PFA 2 % during 2 hours at room temperature(RT) 
Wash 2 times with PBS lX 
- Incubate the organsin a solution of PBS-Sucrose 20 % overnight at 4 °C to dehydrate 
organs and thus avoid their bursting during freezing 
Place the organsin Tissue-Tek OCT cupules (Sakura), containingparaffin 
Freeze with liquid nitrogen 
SECTIONS REALIZATION 
Remove the Tissue-Tek OCT oftheorgan 
Realized sections of 5 µM via the cryostat at - 20 °C 
Place the section on superfrost slides (3/slides) 
Conserve the slides at - 20 °C 
STAININGS 
- Rehydrate the organsin PBS lX during 5 minutes 
- Wipe the edges of the slide with a paper 
- Block the non-specific sites with blocking reagent (PBS-BR 1 %, Boeringer) 
Incubate for 20 minutes 
Wash slides in PBS lX to remove the excess of blockingreagent 
Wipe the edges of the slides with a paper 
- Add the antibodies, diluted in blocking reagent (Table 8) 
- Incube overnight at 4 °C 
Wash the slides in 3 different baths of PBS lX to remove the excess ofantibodies 
Place the cover-slides with the mounting medium calledFluoro-Gel 
- Let it dry for 2 hours 
The observation is optimal 3 or 4 days after the staining. The microscope is an inverted 
fluorescence microscope (Axiovert 200, Zeiss), provided with a high resolution monochrome 
camera (AxioCam HR, Zeiss). 
2.8 Blood sampling 
Blood is collected from mice with 75 µL-heparinized capillaries (Hirshmann-ref 9100275). A 
small piece of mice tail (less than 2 mm) is eut and the blood enters in the capillary by 
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capillarity. One capillary is collected and then plated on 2 YT agar medium containing 
kanamycin to count CFU present in blood (see 2.6 for CFU realization). Two capillaries are 
collected to realized ELISA test (see 2.9). For that, the serum is collected after centrifugation 
(10,000 rpm for 10 minutes) and then conserved at - 20 °C. 
2.9 ELISA test 
2.9 .1 Principle 
An ELISA test (enzyme-linked imrnunosorbent assay) is a test to identify a substance (usually 
an antigen) using antibodies and color modifications. The plates are coated with heat-killed 
(HK) Brucellae melitensis and the antigens present in the serum to test (the antibodies anti-
Brucellae) can link these HK Brucellae. The antigens are revealed via an anti-isotype of these 
antigens. Here, the detection oflgM, IgG 1, IgG2a and IgG3 has been tested with the following 
anti-isotype: anti-IgM(Sigma), LO-MGl-13 HRPO,LO-MG2a-9HRPO 16, LO-MG3-13 HRPO 
(LO-IMEX). 
2.9.2 Method 
DA Y 1: 96 wells NUNC 69620 plates coating: 
- Add 50 µL/well of HK Brucella melitensis solution ( concentration of 109 CFU/mL in 
PBS, to diluted to a final concentration of 107 CFU/mL) 
Shake delicately the plate to evacuate the air bubbles 
- Incubate overnight at 4 °C with Parafilm recovering the plate 
DA Y 2: Saturation of non-specific sites, test ELISA and revelation: 
Flick the plate 
Add 200 µL/well of casein hydrolyzate diluted in PBS (3 .65 g/100 mL) to block the 
non-specific sites 
Incube for 2 hours at RT 
Flick the plate 
Add 50 µL/well of serums to test and perform the following controls: 
• Positive test: IgG3 of Brucella: 12B12 (50 µL/well) 
• Negative tests: nothing and serum of naive rnice, diluted 30X (50 µL/well) 
► Realize 6 serial dilutions (3 to 3) in caseinhydrolyzate 
► Realize the dilutions in another plate with conical wells 
► Start the first dilution at 30X 
► Optional: add gentamycin (1/1000) if it exists a risk of contamination by Brucella 
Incubate for 2 hours with Parafilm and shake at 200 rpm at R T 
Wash the wells 4 times withPBS 
Add 50 µL/well of antibodies anti-tested serum (detection antibodies - for example: 
anti-IgG, anti IgG3 , etc.), diluted in caseinhydrolyzate 
Incubate 1 hour at RT with Parafilm and in darkness withshaking 
Flick and wash 4 times the plate withPBS 
- Add 100 µL/well of TMB substrate rnix 17 (2 solutions need to be mixed in a 50/50 
ratio) 
16 C57BL/6 mice do not have IgG2a, but IgG2c. This antibody cross recognizes IgG2a and 
IgG2c. 
17 Let the Tetramethylbenzidine (TMB) reach room temperature before usingit. 
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Figure 45: Picture of the « Vernier» tool 
The Vernier is the tool used to measure thickness of the lesion to evaluate the swelling after 
infection ofmice. 
Materials and methods 
Incubate the plate in the darkness during the revelation at R T for 15 minutes. A blue 
color should appear 
Stop the reaction by adding 50 µL/well of H2SO4 (2N). The blue staining should 
become yellow 
Read the absorbance of the plate at 450 nm (specific forTMB) 
2.10 Mice immunization and challenge 
A second infection of rnice allows to study the memory response 
On day 0, infect rnice as described above with Brucella melitensis 16M WT by ID with 
a dose of 2x106 CFU/mL in RPMI as described in2.3 
After 3 5 days, rnice are treated with antibiotics ( see 2.11) to clear the firstinfection 
After resting for an additional 3 weeks, mice are challenged by ID with the same dose 
of B. melitensis 16M-mCherry 
At selected times post-infection, mice were bled or sacrificed by cervical 
dislocation and CFU counting were realized 
2.11 Antibiotic treatment 
Antibiotic treatment was administered to control and infected mice for 15 days. The oral 
treatment is prepared daily and given in the drinking water. It is a combination of rifampycin 
(5 µL/mL) and streptomycin (3.75 mg/mL). An additional IP treatment was given to the more 
susceptible deficient mice. It consisted of four injections of streptomycin (300 mg/kg) at the 
same period than the oral treatment. 
2.12 Measure of lesion size 
In some experiments, the size of the lesion at the footpad is measured to compare the swelling 
between a non-infected and an infected footpad, or between different deficient rnice. The size 
of the lesion is measured via a tool called «Vernier» (figure 45) . The footpad is set between 
two clamps, the spacing depending on the thickness of the footpad. This spacing will give us 
the measurement of the lesion. 
2.13 Statistical analysis 
The Wilcoxon-Mann-Whitney U test provided by the GraphPad Prism software is used to 
statistically analyze our results. Each group of knockout (KO) rnice was compared to the wild 
type mice. Each group to each other is also compared when it is required and the results are 
noted by stars. Values of p < 0.05 are considered to represent a significant difference: * p < 
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Flow cytometric analysis of splenic T cells populations of WT and deficient C57BL/6 mice 
Spleen of naive WT and deficient (CD3-1-, a~TCR-1-, TAP1-1-, MHcn-1- and yoTCR_,_) C57BL/6 
mice have been harvested and analyzed by flowcytometry. 
Green, orange and purple correspond to CD4+, CDS+ and yoTCR+ T cells,respectively. 
*The percentage of each quadrant is indicated in the top rightcomer. 
Method: Flow cytometric analysis 
After dissection of lesions, draining lymph nodes and spleen of mice, the organs are 
homogenized and incubated with Collagenase-D/DNAse ( 400 Mandl units/mL; 1 mL of 
Collagenase D and 1 mL of DNAse (Sigma-aldrich Chimie SARL, Lyon, France) in 8 mL of 
RPMI) at 37 °C and 5 % of CO2 for 30 minutes. Then, cells are filtered (through pores of 72 
µm), centrifugated and finally incubated with RPMI containing 2.4G2 (a rat anti-mouse Fe 
receptor; American Type Culture Collection) and rat serum for 20 minutes. After washing, cells 
are treated with a solution ofF ACS buffer (PBS with BSA 0.1 % containing the antibodies (Abs; 
200 µL) for the staining. Two sets of different stainings are used in this case: either fluorescein 
isothiocyanate (FITC) anti-a~TCR (BD Biosciences) and allophycocyanin (APC) anti-CD4 
(BD Bio sciences) or phycoerythrin (PE) anti-yoTCR (BD Biosciences) and APC anti- CD4. Cells 
are fixed with paraformaldehyde 1 % (PF A) and finally treated with Permwach (BD Biosciences) 
to lyse erythrocytes. Cells are suspended in PF A and transferred into the specific tubes for the 
F ACS. The apparatus used for the analysis is a "Caliburcytofluorometer" . 
75 
Appendix 
Flow cytometric analysis of splenic T cells populations of WT and deficient C57BL/6 mice 
Spleen of naive WT and deficient (CD3-1-, apTcR-1-, TAP1-1-, MHcn-1- and yoTCR_1_) C57BL/6 
mice have been harvested and analyzed by flowcytometry. 
Green, orange and purple correspond to CD4+, CDS+ and yoTCR+ T cells,respectively. 
*The percentage of each quadrant is indicated in the top rightcomer. 
Method: Flow cytometric analysis 
After dissection of lesions, draining lymph nodes and spleen of mice, the organs are 
homogenized and incubated with Collagenase-D/DNAse ( 400 Mandl units/mL; 1 mL of 
Collagenase D and 1 mL of DNAse (Sigma-aldrich Chimie SARL, Lyon, France) in 8 mL of 
RPMI) at 37 °C and 5 % of CO2 for 30 minutes. Then, cells are filtered (through pores of 72 
µm) , centrifugated and finally incubated with RPMI containing 2.4G2 (a rat anti-mouse Fe 
receptor; American Type Culture Collection) and rat serum for 20 minutes. After washing, cells 
are treated with a solution ofF ACS buffer (PBS with BSA 0.1 % containing the antibodies (Abs; 
200 µL) for the staining. Two sets of different stainings are used in this case: either fluorescein 
isothiocyanate (FITC) anti-aPTCR (BD Biosciences) and allophycocyanin (APC) anti-CD4 
(BD Biosciences) orphycoerythrin (PE) anti-yoTCR (BD Biosciences) and APC anti- CD4. Cells 
are fixed with paraformaldehyde 1 % (PF A) and finally treated with Permwach (BD Biosciences) 
to lyse erythrocytes. Cells are suspended in PF A and transferred into the specific tubes for the 
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